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ABSTRACT 
 
The sooty blotch and flyspeck (SBFS) complex is comprised of more than 80 
species of fungi which colonize the surface of apple fruit. The dark blotches caused by 
SBFS species result in economically significant damage to apple in humid production 
regions worldwide. Despite rapid progress in clarifying the taxonomy and ecology of 
SBFS fungi, there is no information available about species-specific patterns in the 
timing of fruit infection. A motivation for obtaining this knowledge is that it may set the 
stage for development of more efficient SBFS management practices, since the species 
that are prevalent in apparent orchards vary among geographic regions. The first 
objective of this study was therefore to determine whether there are species-specific 
patterns in the timing of SBFS infection on apple fruit. To answer this question, an 
experiment was conducted in six commercial apple orchards in central Iowa in 2009 and 
2010. Beginning 10-21 days after petal fall, apples were covered individually by fruit 
bags. A subsample of apples (cv. Golden Delicious) was exposed for each of seven 
consecutive 2-week-long exposure periods, and then rebagged from the end of the 
exposure period until harvest. All individual colonies that were visible at harvest were 
identified using a PCR-RFLP protocol. A total of 15 species were identified. The results 
provided the first evidence that some SBFS species differ significantly from others in the 
timing of fruit infection, and found that seven SBFS species displayed the same general 
temporal pattern: in each species, fruit infections that resulted in formation of visible 
colonies at harvest peaked during the first half of the fruit development period and 
generally decreased thereafter.    
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The second objective of my PhD research concerned a previously unexplored 
topic: the evolutionary origin of SBFS fungi. Although about 90% of SBFS species are in 
the order Capnodiales, evolutionary origins of major SBFS lineages in this order remain 
unknown. Previous phylogenetic analysis suggested that most SBFS fungi share a close 
evolutionary history with plant-parasitic species. The objective of this study was to assess 
the evolutionary origins of major SBFS lineages on apple by using ancestral state 
reconstruction of the 28S nuclear large subunit (LSU) region of rDNA and the second 
largest subunits RNA polymerase II (RPB2) region. The datasets were broadly sampled 
and included well-described non-SBFS as well as SBFS species in the Capnodiales. The 
resulting phylogeny, using a Bayesian approach, showed strong support for an 
evolutionary relationship between SBFS fungi and plant-parasitic fungi for some families 
in the Capnodiales. We performed ancestral state reconstruction with BayesMultiState,  
which provided strong evidence that the ancestor of Capnodiales was a plant parasitic 
lifestyle. Knowledge gained from this study may help to better understand the ecology 
and evolution of fungi that inhabit plant surfaces.  
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CHAPTER 1. GENERAL INTRODUCTION 
Dissertation organization 
This dissertation is comprised of one abstract and four chapters. The first chapter 
provides general introduction to sooty blotch and flyspeck (SBFS) fungi on apple, then 
reviews the scientific literature review about SBFS fungi, molecular identification of 
SBFS fungi, and using molecular phylogenetics to characterize the evolution of fungi. 
The objectives of both studies are presented at the end of chapter one. The second 
chapter, a manuscript to be submitted to the journal Phytopathology, describes the 
phenology of infection of apple fruit by SBFS fungi. The third chapter, a manuscript in 
preparation for Persoonia, describes use of phylogenetic analysis combined with 
ecological information to assess the evolutionary origins of SBFS fungi. The fourth 
chapter contains a summary of the results and conclusions of this dissertation; the impact 
of the present study in understanding the ecology, environmental biology and evolution 
of SBFS fungi is discussed. 
1.0 Phenology of infection by sooty blotch and flyspeck species 
1.1 Introduction 
Sooty blotch and flyspeck (SBFS) fungi are components of a fungal disease complex 
found in humid climates worldwide. These epiphytic fungi are found on surfaces of many 
fruits, including apple, pear, mango, wild plum, banana, persimmon, and vine crops, as 
well as on waxy leaves and stems of many plants (Gleason et al. 2011). It is now known 
that SBFS species are prevalent in many countries, including the United States (Batzer et 
al. 2005; Díaz Arias et al. 2010), China (Li et al. 2010; Li et al. 2012), Brazil (Spólti et al. 
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2011; Spólti et al. 2012), Germany, Slovenia (Frank et al. 2010), Norway (Batzer et al. 
2013), Poland (Wrona and Grabowski 2004), Turkey (Mayfield et al. 2012) and Serbia 
(Ivanović et al. 2010). In Iowa, SBFS signs usually start to appear on apple fruit in mid-
to-late August, when the fruit begin to mature during the mid-to-late growing season 
(Batzer et al. 2012). In the Southeast U.S, however, SBFS colonies often become visible 
in early June (Brown and Sutton 1995; Williamson and Sutton 2000).  
In North America, cosmetic damage caused by the dark-colored colonies of SBFS 
results in economic loss for fresh-market apples of up to 90% (Williamson and Sutton 
2000; Batzer et al. 2002). Collaborative research in various countries and continents has 
been focused on apple, because significant economic damage is most common on this 
crop. To control SBFS, apple growers in the eastern half of the U.S. spray 4 to10 
fungicide applications per growing season (Hartman 1994). SBFS can cause severe 
damage in some apple-growing regions if control measures are not adequate. Although it 
is a major disease problem throughout the eastern half of the U.S., SBFS is also an 
increasing concern for growers of organic apples in Europe (Trapman 2005).  
Past studies of SBFS fungi were hampered by the fact that only morphological 
criteria were available to distinguish among taxa. It has since been discovered that many 
SBFS species are cryptic; that is, multiple species share similar colony appearance. By 
combining DNA-based molecular techniques of molecular genetics with morphological 
evidence, recent SBFS studies have improved our understanding of the differences 
between these fungi. Sequence data from the internal transcribed spacer (ITS) region of 
nuclear ribosomal DNA (rDNA) has been used to discriminate closely related taxa in the 
complex; whereas the large subunit (LSU) region has been used to classify at the family 
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and genus levels (Batzer et al. 2005). Restriction fragment length polymorphism analysis 
(PCR-RFLP) has also been used as a rapid method and thus facilitate more accurate 
identification of SBFS species and genera (Duttweiler et al. 2008). In that study, 
digestion of PCR products with HaeIII enzymes resulted in 14 distinct banding patterns 
that were each characteristic of an individual SBFS genus. Because PCR-RFLP is 
relatively rapid and cost-effective, large numbers of colonies can be identified efficiently, 
and it is well suited for ecological studies, which often require assessment of numerous 
field samples (e.g., Batzer et al. 2012).  
 Assemblages of predominant SBFS species vary considerably among apple-
producing regions of the world (Díaz Arias et al. 2010; Gleason et al. 2011). Therefore, it 
is important to understand species-specific responses within the SBFS complex in order 
to manage the disease efficiently in each region. Little is known about the phenology of 
infection by this group. SBFS inoculum begins to be deposited on apple fruit almost as 
soon as they, and infection continues to occur over much of the growing season (Ocamb-
Basu et al. 1988; Brown and Sutton 1993; Spólti et al. 2011). In previous phenology 
studies (Mayr et al. 2010; Spólti et al. 2011), however, temporal patterns were described 
for the SBFS complex rather than for individual species, because it was not possible to 
discriminate to species level. Batzer et al. (2012) were the first to report that the timing of 
the appearance of colonies on apple fruit differed among SBFS species. However, there is 
no information available about the timing of initiation of infections by SBFS species, 
even though this is a critical step of the disease cycle. 
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1.2.0 Literature review 
1.2.1  Taxonomy of SBFS fungi  
In 1832, Dothidea pomigena was first described as the only species causing SBFS, based 
on assessment of colonird on Newtown Pippin apples in Pennsylvania, USA (Schweinitz 
1832). He placed D. pomigena into the genus Dothidea due to stromata formation within 
the apple tissue. The infected apples showed a “flyspeck” colony morphology; the term 
“flyspeck” in the SBFS complex is defined as colonies that form shiny, black, round and 
prominent sclerotium-like bodies with no visible mycelial mat, whereas the term “sooty 
blotch” is defined as colonies that develop a dark mycelial mat with or without 
sclerotium-like bodies embedded in the mycelium (Batzer et al. 2008; Gleason et al. 
2011). In 1833, Saccardo changed D. pomigena‟s name to Phyllachora pomigena, 
(Schw.) Sacc. Sprague later renamed this fungus as Asteroma pomigena (Schw.) Sprague 
(1856). The fungus was next reclassified as Leptothyrium pomi (Mont. & Fr.) Sacc. due 
to the observation of “flyspeck” appearance on apples (Selby 1900).  
In 1920, Colby conducted a detailed study of morphological characters and 
concluded that SBFS was caused by two different species: sooty blotch by Gloeodes 
pomigena (Schw.) Colby, and flyspeck by Leptothyrium pomi (Mont. & Fr.) Colby 
(1920). He also described three mycelial types associated with sooty blotch fungus as 
fern-like, honeycomb and reticulate. Later, four different mycelial types - ramose, 
punctate, fuliginous and rimate - were described for sooty blotch on apple fruit (Groves 
1933). As for flyspeck, Zygophiala jamaicensis was first assigned by Mason, who found 
these epiphytic fungi growing on the abaxial side of banana leaves in Jamaica (Martyn 
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1945). Mason also indicated that Z. jamaicensis was an anamorph of Schizothyrium pomi. 
Baines described the perfect stage of the flyspeck fungus found on several woody plant 
hosts in Indiana as Microthyriella rubi Petrak (Baines 1940), and synonymized the name 
Leptothyrium pomi with Microthyriella rubi (Baines 1940). Durbin (1953) reported that 
this fungus was the asexual stage of M. rubi. Later, the binomial name was reclassified as 
two stages: the perfect stage as Schizothyrium pomi (Mont. and Fr.) Von Arx and the 
imperfect stage as Zygophiala jamaicensis Mason (Baker et al. 1997).  
Gloeodes pomigena was widely used as the Latin binomial for the species causing 
the sooty blotch mycelial type, and S. pomi for flyspeck, until the late 1990s, when 
researchers in North Carolina concluded that sooty blotch was caused by multiple species 
rather than a single species. They identified three species - Geastrumia polystigmatis, 
Leptodontium elatius and Peltaster fructicola - based on morphological characters 
(Johnson and Sutton 1994; Johnson et al. 1997). Batzer et al. (2005) renamed the rimate 
mycelial type as ridged honeycomb and then described three new mycelial types: discrete 
speck, compact speck and fleck. These mycelial types are consistent in character within 
individual SBFS species (Gleason et al. 2011), which was a revision of an earlier view 
that colony morphology within a species varied according to environmental conditions, 
geographic location, and fungicide use in apple orchards (Johnson and Sutton 1994).  
The tradition approach to fungal taxonomy, based primarily on morphological 
characters, poses posed major challenges for studying SBFS fungi because they grow 
slowly in media, are difficult to purify and maintain, and often fail to produce spores, 
making their identification difficult (Hickey 1960; Batzer et al. 2005). Identification of 
SBFS species based on morphological characters resulted in an underestimation of 
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species diversity; only four SBFS species were named during the first 160 years of SBFS 
study (Colby 1920; Johnson et al. 1996; Johnson et al. 1997).  
By combining molecular phylogenetics with morphological description, many 
more species have been described in the SBFS fungal complex during the past eight years 
(Gleason et al. 2011). Analysis of ribosomal RNA gene sequences in tandem with 
morphological description has revealed more than 80 species in SBFS fungal complex 
(Batzer et al. 2005; Díaz Arias et al. 2010; Gleason et al. 2011). In a survey from nine 
orchards in nine midwestern U.S. states, Batzer et al. (2005) found 30 SBFS species by 
combining morphological description with rDNA molecular phylogenetic study. Based 
on an additional survey of 30 eastern U.S apple orchards in 2005, the number of 
identified species and putative species rose to 60 (Díaz Arias et al. 2010). Sequence 
analysis of the large subunit and internal transcribed spacer (ITS) regions of rDNA 
separated the new species at genus and species level. Schoch et al. (2006) transferred 
most described SBFS taxa in the order Dothideales to the order Capnodiales, subclass 
Dothideomycetidae, class Ascomycota. Two SBFS species, Geastrumia polystigmatis 
and Phialophora sessilis, are placed in the order Pleosporales, subclass 
Pleosporomycetidae. Multiple genera were found in the SBFS complex including 
Microcyclosporella, Pseudocercospora, Colletogloeopsis, Dissoconium, Passalora, 
Ramularia and Xenostigmina. Batzer et al. (2008) described four Zygophiala anamorph 
species associated with the flyspeck mycelial type on apple.  
SBFS surveys have been conducted recently in China, Germany, Brazil, Slovenia, 
Serbia and Turkey. Frank et al. (2010) reported four new SBFS species - 
Microcyclosporella mali, M. pomigena, M. tardicrescens, and Devriesa 
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pseudoamericana - from Germany and Slovenia. Li et al. (2010) reported five new 
species - Phaeothecoidiella missouriensis, P. illinoisensis, Houjia yanglingensis, H. 
pomigena and Sporidesmajora pennsylvaniensis - from surveys of two provinces in 
China and five states in the U.S. In addition, recent surveys from northeastern Turkey 
revealed that five new species, Stomiopeltis sp. RS4.1, RS7.1, RS7.2, Zygophiala sp. F6 
and FS3.3 were members of Dothideomycetes (Mayfield et al. 2012). The number of 
rDNA sequences deposited in GenBank is increasing for SBFS taxa, and there are likely 
to be many other SBFS species described in the future.  
SBFS assemblages differ among regions and continents. For example, Peltaster 
fructicola and Phialophora sessilis are the most common species in Poland (Wrona and 
Grabowski 2004) whereas Geastrumia polystigmatis and Leptodontium elatius are 
predominant species in the southeast U.S. (Díaz Arias et al. 2010). Although the 
occurrence and prevalence of SBFS species differ among regions and continents, 
environmental cues may be important in phenological responses that influence infection 
patterns of SBFS species on apples.  
1.2.2 SBFS disease management using IPM principles  
Disease-warning systems are IPM decision tools that can help apple growers control 
SBFS in a cost-effective way and sustain environmental resources. The goal of a warning 
system is to provide advance information about the risk of SBFS epidemics, typically so 
that a grower can time fungicide applications based on the risk of economic damage from 
a disease (Gleason et al. 2011). Disease-warning systems are derived either empirically 
(based on correlations between weather data inputs and disease development) or 
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fundamentally (based on results from cause-and-effect relationships as determined by 
controlled experiments) (Krause and Massie 1975; Campbell and Madden 1990). 
Assessment of disease risk in warning system is commonly based on weather data inputs 
(Campbell and Madden 1990). For example, rainfall, air temperature, relative humidity 
and leaf wetness duration are commonly used weather data inputs in disease-warning 
systems (Kim et al. 2006). 
Conventional SBFS management in the eastern half of the U.S. and Iowa 
combines cultural practices and preventative fungicide applications that are times 
according to predetermined calendar dates rather than epidemic-risk assessments. SBFS 
warning systems were first developed by researchers in North Carolina, who monitored 
cumulative hours of leaf wetness duration (LWD) in apple orchards before the 
appearance of first SBFS signs on unsprayed fruit (Brown and Sutton 1995). More 
recently, disease-warning systems based on LWD were modified for use in the Upper 
Midwest, U.S. (Duttweiler et al. 2008); Duttweiler et al. (2008) found that relative 
humidity (RH) was a more reliable predictor for SBFS than LWD for timing of the first 
appearance of SBFS signs. Mayfield et al. (2013) validated this Gleason-Duttweiler 
disease-warning system for the upper Midwest in replicated trials in Iowa; this warning 
system saved an average of 2.5 fungicide sprays per year compared to calendar-based 
sprays during 2010 and 2011. 
Annual pruning, a common cultural practice used by apple growers to reduce 
canopy density, enhance air movement, allow light and fungicide sprays to penetrate, and 
thereby reduce the duration of the leaf wetness in the canopy, can reduce risk of SBFS 
outbreaks. Cooley et al. (1997) showed that summer pruning of unsprayed apple trees 
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reduced SBFS incidence by 50%. Pruning was somewhat effective in suppressing SBFS 
epidemics but not as a stand-alone measure. An additional cultural practice that can affect 
SBFS risk is fruit thinning during apple tight cluster stage. Proper thinning practices 
decrease moisture around the fruit clusters, creating a less favorable environment for 
SBFS disease development and also improves penetration and coverage by fungicide 
sprays.  
SBFS fungi can grow on a wide range of reservoir hosts including trees, shrubs, 
vines, wild grape, wild crabapple, smooth sumac and blackberry (Hickey 1960; Baker et 
al. 1977; Williamson and Sutton 2000). Many of these plants grow in woodlots and 
hedgerows adjacent to orchards in the eastern half of the U.S. Schizothyrium pomi grows 
superficially on wild blackberry (Rubus spp.) canes during late winter and early spring 
(Lerner 1999). Inoculum for SBFS epidemics can build up in reservoir plants, and 
inoculum are spread into apple orchards by wind or wind-blown rain (Williamson and 
Sutton 2000; Cooley et al. 2007) and cause SBFS infections on apple fruit. Therefore, 
removing reservoir hosts surrounding orchards could delay SBFS epidemics by reducing 
the initial inoculum (Williamson and Sutton 2000). However, this approach has never 
been tested in field trials and would be prohibitively expensive, time-consuming, and 
laborious. 
Apple cultivar can also influence SBFS risk. Late-maturing apple cultivars 
typically experience more severe SBFS than early-maturing cultivars (Belding et al. 
2000; Biggs et al. 2010; Mayr et al. 2010; Gleason et al. 2011). Biggs et al. (2010) found 
a correlation between apple maturity date and SBFS infection level. Early-maturing 
apples are thought to escape SBFS risk because they have fewer hours of exposure to 
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disease-favorable weather than late-maturing ones (Biggs et al. 2010). An additional 
physiological character that affects SBFS risk is skin color. For example, a light-skinned 
apple such as cv. Golden Delicious is more likely to show blemishes from SBFS colonies 
than a dark-skinned apple such as cv. Red Delicious. Therefore, selection of apple 
cultivars for new apple orchards could help to minimize SBFS severity. However, no 
apple cultivars are known to be genetically resistant to SBFS fungi (Batzer et al. 2002). 
In most commercial orchards in the eastern U.S., fungicide sprays are 
recommended every 10 to 14 days from petal fall until harvest (Hartman 1994; Gleason 
et al. 2011). This practice can require up to 10 fungicide applications each growing 
season (Sutton 1990; Babadoost et al. 2004). Frequent fungicide applications can lead to 
conditions that endanger human and animal health as well as pose environmental hazards. 
Captan and thiophanate methyl are among the most commonly used fungicides against 
SBFS, but are also suspected human carcinogens. Strobilurin fungicides are highly 
specific in mode of action, and therefore less toxic than captan or thiophanate methyl 
fungicides. However, strobilurin fungicides are also relatively expensive, adding to 
production costs for apple growers (Rosenberger et al. 1996), and their use is limited due 
to the risk of resistance development by several apple pathogens  Therefore, there is 
incentive to minimize reliance on fungicide spray programs that may result in 
unnecessary fungicide applications (Gleason et al. 1994). 
1.2.3 Recent SBFS phenological and ecological studies 
Phenology is defined as the study of seasonal plant and animal activities. In an ecological 
perspective, phenology is primarily the study of the seasonal sequence of behavior of 
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organisms, such as dates of first occurrence of biological events in their life cycle; for 
example, the date of emergence of leaves, the date of first flowering and first appearance 
of migratory birds in a region. The work of Batzer et al. (2012) on the phenology of 
SBFS colony appearance on apple fruit marked the beginning of phenological studies on 
individual SBFS species. A major goal of my research was to characterize the 
phenological patterns of infection of apples among SBFS species.  
1.2.4 Timing of SBFS infections on apple fruit 
Phenological studies of the SBFS complex in apple orchards have been done in Poland, 
Germany and Brazil. In these experiments, fruit bags were used to cover apples in 
unsprayed orchards during the fruit development period. Fruit bags act as a barrier to 
prevent inoculum from landing on apple fruit. In these trials, the bags were removed for 
predetermined periods, then replaced for the rest of the season, and SBFS colony 
development was assessed at harvest. Mayr et al. (2010) reported that disease severity 
was higher at harvest when apples had been exposed early in the season compared to late 
in the season. A similar bagging experiment in Brazil supported findings in Germany 
(Spólti et al. 2011). As in these studies, our rationale for using fruit bags was that we 
could potentially isolate SBFS infections that occurred on apple fruit during 
predetermined 2-week exposure periods. However, we intended to take a further step in 
elucidating SBFS phenology by assessing species-specific patterns in the timing of fruit 
infection.  
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2.0 Phylogenetic analyses to assess evolutionary origins of SBFS fungi on apple 
2.1 Introduction 
Apple surfaces are suitable habitats for SBFS fungi, which utilize exudates that 
leak through apple cuticle as nutrient resources. However, fruit surface environments also 
pose special challenges for growth of SBFS fungi including minimal nutrient availability 
for extended periods of time, high acidity, desiccation, and exposure to ultraviolet 
radiation. These extreme conditions demand highly developed survival skills as well as 
the ability to form tightly adhering colonies on the fruit surface. As a result, SBFS fungi 
may share main ecological traits to adapt to plant surface, including adaptations such as 
secretion of wax-degrading enzymes, melanization, endoconidiation, and slow 
metabolism. In addition, SBFS fungi must be able to compete successfully with other 
plant surface-inhabiting microbes. 
Advanced techniques of molecular systematics allow us to reconstruct ancestry 
and evolutionary history of SBFS fungi. Phylogenetic reconstruction based on the 28S 
large subunit region (LSU-rDNA) has shown that many SBFS lineages share a close 
evolutionary lineage with plant parasites, even though this group is highly distinct 
ecologically from the epicuticle inhabitants of the SBFS group for example, the plant 
parasitic species selected in my study have strikingly different niches than SBFS fungi 
because they must invade the cuticle and plant cell defenses and cope the plant 
biochemical defenses to subcuticular invasion. In contrast, SBFS epiphytic fungi colonize 
the surface of plant without causing necrosis. Previously published work from our 
research group established that there was a close phylogenetic relationship between SBFS 
species and certain plant parasitic species (Batzer et al. 2005; Díaz et al. 2010), leading us 
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to hypothesize that SBFS species are derived from plant-parasitic ancestors. It may 
valuable to understand the evolutionary history of the SBFS complex for several reasons. 
For example, identifying ancestors of the complex could begin to shed light on the 
ecological adaptations that may have been needed in switching from parasitic to SBFS 
epiphytic lifestyles. In addition, it provides a foundation for future functional genomics 
studies of SBFS epiphytic fungi and provides a clear focus on what genes we should 
study to defeat SBFS fungi in apple crop management. Inferring these transitions could 
help to understand evolutionary forces that occurred during the niche shift, and thereby 
yield insights that could suggest more cost-effective management tactics, including 
efforts to breed SBFS-resistant cultivars of apples.   
In my study, I used 28S LSU-rDNA and the second largest subunits of the RNA 
polymerase II (RPB2) gene to generate SBFS phylogeny and their closest relatives. This 
study was limited to the major group of SBFS species in the order Capnodiales, subclass 
Dothideomycetidae. I also used ancestral state reconstruction to assess the evolutionary 
origins of the ecological characters of SBFS fungi and related fungal species. Ecological 
character comparisons in combination with a well-resolved molecular phylogeny can 
trace emergent characters of the phylogenetic tree and thus establish which ecological 
characters are ancestral and which are derived. 
2.2 Literature review 
2.2.1 Fungal systematics using molecular data 
The nuclear ribosomal RNA genes have proven useful for phylogenetic inferences in 
fungi for more than 20 years (Lutzoni et al. 2004; Schoch et al. 2012). Ribosomal DNA 
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appears to be both variable and highly conserved in regions that can provide ideal primer 
sites (Bruns et al. 1991). Ribosomal DNA consists of randomly repeated arrays of the 
18S, 5.8S and 28S genes, that are separated by transcribed and non-transcribed spacers  
(Bruns et al. 1991; Begerow et al. 2010). Internal transcribed spacer rDNA was proposed 
to be used as a DNA barcode marker for fungi (Begerow et al. 2010; Schoch et al. 2012). 
The 28S ribosomal region, or large subunit (LSU) rDNA, is a widely used marker for 
phylogenetic analysis of fungi and yeasts (Fell et al. 2000; Scorzetti et al. 2002). 
Different regions of rDNA are good candidates for phylogenetic analysis of mycorrhizae 
and well suited to study fungal symbionts (Gardes et al. 1991), and are used to delineate 
arbuscular mycorrhizal fungi (AMF) in Glomeromycota (Stockinger et al. 2010). 
Using a single gene to assess the phylogeny of an organism has limitations 
because a given gene contains relatively few sites and may not resolve all nodes in a 
phylogeny.  An alternative approach for inferring the ancestry of an organism is to 
combine evidence from multiple genes. A combination of genes can increase 
informativeness, help resolve nodes and improve phylogenetic accuracy (Hofstetter et al. 
2007). Recently, many universal primers have been developed for fungal protein coding 
genes such as translation elongation factor 1-α (TEF1), beta-tubulin, actin (ACT1), and 
two RNA polymerase II subunits of protein-encoding genes (RPB1 and RPB2). For 
Ascomycota, protein-encoding genes are superior to ribosomal RNA genes for 
phylogenetic comparisons among many fungal taxonomic units (Schoch et al. 2009). 
Primers for the largest subunits of RNA polymerase, RPB1 and RPB2, were developed 
for the Assembling the Fungal Tree of Life (AFToL) project (James et al. 2006; Schoch 
et al. 2009; Schoch et al. 2012). Among these protein genes, RPB2 provided significant 
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support for nodes that were not resolved by ribosomal genes for phylogenetic studies of 
the Dothideomycetes and Lecanoromycetes (Schoch et al. 2006; Hofstetter et al. 2007). 
Previous studies have shown that the RPB2 locus gave high resolution and support in 
phylogenetic studies of the Pezizomycotina (Liu et al. 1999; Liu and Hall 2004; Lutzoni 
et al. 2004; Reeb et al. 2004). According to Schoch (personal communication), RPB2 is 
more phylogenetically informative than the ribosomal genes for most fungi in 
Dothideomycetes, and has potential to be the primary barcode marker for many fungal 
species. Since the LSU and RPB2 regions are easily amplified by PCR for SBFS species 
and are useful in phylogenetic studies, these regions were chosen for my studies.  
2.2.2 Evolutionary analysis 
Phylogenetic analyses for reconstructing phylogeny of fungal evolution may be divided 
into 3 categories: maximum-parsimony (MP) ((Maddison and Maddison 1992; Jermann 
et al. 1995) maximum likelihood (ML) (Yang et al. 1995; Pagel 1999) and Bayesian 
inference (Huelsenbeck et al. 2000; Ronquist et al. 2012). The maximum-parsimony tree 
is the topology that has the smallest tree length, which minimizes the number of character 
state changes to explain evolutionary relationships. Bayesian analysis estimates posterior 
probabilities based on some model for evolution. Maximum likelihood seeks a single 
most likely tree but Bayesian analysis searches for the best set of trees (Yang and 
Rannala 1997; Mau et al. 1999). 
2.2.3 Ancestral state reconstruction 
Reconstruction of ancestral states has been used to investigate the origins of protein 
families, genes and genomes that existed millions of years ago, as well as to understand 
evolution of organism traits and behaviors along the branches of a phylogenetic tree 
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(Jermann et al. 1995; Blanchette et al. 2004; Ronquist 2004). The goal is to estimate the 
values of the traits of interest for every internal node of a phylogenetic tree based on the 
trait values of the living species, tree topology, method used and a model of trait 
evolution (Ronquist 2004). This approach has been used in many evolution studies such 
as biogeography traits (Nepokroff et al. 2003), ecological niche (Evans et al. 2009) and 
metabolic pathway (Christin et al. 2008). It has been successfully employed to 
reconstruct ancestral steroid receptors (Thornton et al. 2003), mitochondrial DNA 
(Krishnan et al. 2004), antiviral RNase (Zhang and Rosenberg 2002), small genomes like 
HIV (Hillis et al. 1994) and fluorescent proteins (Shagin et al. 2004). A variety of 
analytical methods have been developed for reconstructing ancestral states of characters, 
which can be divided into maximum parsimony (MP), maximum likelihood (ML) and a 
Bayesian approach (Pagel 1999; Ronquist 2004). In this study, I used a Bayesian 
approach in BayesTraitsMultiState (Pagel et al. 2004) to estimate the ancestral character 
state on trees sampled from the posterior distribution. 
A parsimony method is not reliably suitable for reconstructing ancestral states 
because it can create misleading results due to biased substitution rates between 
nucleotides and amino acid and different branch lengths in the tree. This factor makes 
ancestral reconstructions using parsimony less accurate than other methods due to the 
high rates of character evolution and also tree topology contains long branches (Collins 
1994; Maddison 1994; Zhang and Nei 1997). Another disadvantage is that one cannot 
select or test an evolutionary model that fits to the specific data set of interest 
(Felsenstein 1978). By comparison, the maximum likelihood approach and Bayesian 
analysis work better because they can be used to provide a statistical framework for 
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sampling distribution of phylogenetic trees. Bayesian methods take into account 
uncertainties in the tree, branch lengths and model parameter used (Schultz and Churchill 
1999; Huelsenbeck and Bollback 2001). As a result, these two methods are more 
accurate, robust and consistent than those inferred by maximum parsimony (Pagel 1999). 
In spite of the importance of SBFS fungi, little is known about their evolutionary 
relationship with their close relatives. Ancestral state reconstruction can also be used to 
test ecological and evolutionary hypotheses and investigate how ecological characters 
evolve over time. 
2.2.4 Recent status of SBFS phylogenetic studies 
All of the approximately 80 species of SBFS fungi identified to date are in the fungal 
phylum Ascomycota, subphylum Pezizomycotina.  Most species (~96%) are in the class 
Dothideomycetes, subclass Dothideomycetidae and 90% of the SBFS species are in the 
order Capnodiales. A widely detected species in the SBFS complex, Geastrumia 
polystigmatis, has not been placed to order within Dothideomycetidae, but closely related 
species have been isolated in South and North America, Europe, and Asia.   
A few of the SBFS fungi that are widely distributed, including Phialophora sessilis, 
belong to the class Eurotiomycetes, subclass Chaetothyriomycetidae, order 
Chaetothyriales, family Herpotrichiellaceae. The nine families in the order Capnodiales 
include epiphytes (Antennulariellaceae, Capnodiaceae, Metacapnodiacea) (Hughes 
1976), saprobes and plant pathogens (Davidiellaceae, Dissoconiaceae, 
Mycosphaerellaceae, Schizothyriaceae, Teratosphaeriaceae) (Aptroot 2006; Crous et al. 
2009) and microorganisms that colonize mammalian hair (Piedraiaceae) (de Hoog et al. 
2000). 
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Preliminary data from parsimony analysis of LSU rDNA sequences has shown 
that some families in the Capnodiales include a mixture of SBFS fungi and other plant 
parasites, whereas other families are composed exclusively of SBFS fungi. In the family 
Dissoconiaceae, for example, three SBFS species (Dissoconium dekkeri, Dissoconium 
commune and Dissoconium aciculare) have nearly identical rDNA sequences to plant 
parasites of eucalyptus (Crous et al. 2004; Crous et al. 2007). In contrast, preliminary 
parsimony analysis of the LSU showed well-supported clades of exclusively SBFS 
species within Mycosphaerellaceae and Teratosphaeriaceae. Mycosphaerellaceae also 
contains necrotrophic plant pathogens (Cercospora, Pseudocercospora, 
Pseudocercosporella, Ramularia and Septoria) and some saprophytic fungi (Zasmidium 
spp.) (Arzanlou et al. 2007). SBFS species like Microcyclosporella mali, Ramularia sp. 
P5 and Zasmidium angulare are closely related to several genera belonging to the family 
Mycosphaerellaceae. 
SBFS fungi in the genus Microcyclospora showed a close relationship to plant 
pathogens in Teratosphaeriaceae. Nine genera in the Teratosphaeriaceae- Baudoinia, 
Capnobotryella, Catenulostroma, Devriesa, Penidiella, Phaeothecoidea, Readereilla, 
Staninwardia and Teratosphaeria (Crous et al. 2009) - have plant parasitic ecologies. 
Teratosphaeria species can result in reduction of wood volume and in severe cases tree 
death (Hunter et al. 2011). Many species of Mycosphaerella and Teratosphaeria have 
been isolated from diseased leaves worldwide (Crous et al. 1996; Crous and Corlett 1998; 
Hunter et al. 2004; Crous et al. 2007). Some species in Teratosphaeriaceae are plant 
parasites, for example Teratosphaeria nubilosa and Teratosphaeria cryptica (Crous and 
Wingfield 1997; Hunter et al. 2004). In Spain, Teratosphaeria nubilosa is the main causal 
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agent of Mycosphaerella leaf disease (MLD) in Eucalyptus globulus (Crous and Corlett 
1998). 
Previous studies (Schoch et al. 2009) have found that Mycosphaerellaceae and 
Teratosphaeriaceae are among the most derived lineages of the Dothideomycetes and 
contain many plant parasites. Schoch et al. (2009) showed that Dissoconiaceae was basal 
to Mycosphaerellaceae and Schizothyriaceae, suggesting that Dissoconiaceae was an 
early diverging lineage. The Schizothyriaceae formed a well-supported (100% bootstrap 
support) clade within the Mycosphaerellaceae (Schoch et al. 2009) that consists 
exclusively of SBFS fungi. Initial LSU analysis of Peltaster species suggests that this 
clade is basal to other families within the Capnodiales.  However, very little is known 
about the genus Peltaster because it has not been placed in a taxonomic family and it is 
unclear whether it groups within Capnodiales.  There are no other closely related genera 
to Peltaster, and no sexual spores have been observed. 
Preliminary Bayesian analysis of ancestral state reconstruction using the LSU 
sequences suggests that the ancestor of SBFS fungi in the order Capnodiales was 
reconstructed as a plant parasite, which means some SBFS species may have arisen from 
plant parasites. Isolates with different ecological niches such as plant parasites and 
saprophytes were included in the taxon sampling in order to test this hypothesis. The 
selection of non-SBFS relatives is an important factor in this analysis, since it will 
provide further insight into the ecological niche in the Capnodiales. I will trace the 
evolution of ecological characters of interest over the molecular phylogeny using 
Bayesian approaches. The goal of this study is to understand the evolution of ecological 
niches and lifestyles between SBFS fungi and non-SBFS fungi in the order Capnodiales. 
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2.2.5 Ecological niches for SBFS fungi and their relatives 
In this study, ecological niches for the taxon sampling were grouped into three categories: 
(i) SBFS epiphytic fungi; (ii) plant parasites; and (iii) saprophytes. The isolates were 
grouped according to their ecological niches based on multiple sources of information, 
including:  (i) peer-reviewed research articles; (ii) Fungal Databases of United States 
Department of Agriculture (USDA). 
http://nt.arsgrin.gov/fungaldatabases/indexFungi/indexFungi.cfm; (iii) book chapters; (iv) 
Wikipedia (www.wikipedia.org); and (v) Google (www.google.com). 
The SBFS complex comprises epiphytic fungi that grow on the waxy substances 
of apple fruit as well as on leaves, stems and fruit of many other plants (Batzer et al. 
2005; Gleason et al. 2011). I grouped SBFS fungi as epiphytic because their mycelial 
mats grow on the waxy cuticle of apple fruits and they utilize simple sugars and amino 
acids that exude through the cuticle (Wrona and Gleason 2005). According to Belding et 
al. (2000), two SBFS species, Peltaster fructicola and Leptodontium elatius, obtain 
nutrients from apple exudates rather than from epicuticular components. Also, there is 
evidence that SBFS fungi are dependent on sugars and amino acids for in vitro hyphal 
growth (Wrona and Grabowski 2004). This property may be useful for growth on fruit 
surfaces; colonies enlarge when environmental conditions are suitable for SBFS 
development. At least some SBFS fungi appear to modify the epicuticular wax layer of 
apple fruit, thereby causing faster water loss in storage than SBFS-free apples; this can 
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limit their shelf life and sales period, which can cause further economic losses in addition 
to cosmetic damage (Williamson and Sutton 2000). 
In plants, disease can be defined as the malfunctioning of host cells and tissues 
that result from their continuous irritation by a pathogenic agent or environmental factor 
and leads to the development of symptoms. Disease is a condition involving abnormal 
changes in the form, physiology, integrity or behavior of the plant. Such changes may 
result in partial impairment or death of the entire plant or its component parts (Agrios 
2004). Plant parasites are organisms that live in and on living host plants and obtain 
nutrients from them. Plant parasites become plant pathogens when they harm the plant 
host, resulting in disease symptoms (Agrios 2004). A number of species in this study are 
classified as plant parasites because they cause necrotic leaf lesions on various species of 
plants. A saprophyte is an organism that obtains its food from dead organic matter 
(Hawksworth et al. 1996). In my taxon sampling, isolates that use dead organic matter as 
food were grouped as saprophytes. 
 
DISSERTATION OBJECTIVES 
The objectives of my phenology study were: 
1. To determine the timing of infection on apple fruit by the SBFS complex in Iowa. 
2. To determine whether there are species-specific patterns in the timing of infection 
on apple fruit.  
 The objectives of my evolution study were:  
1. To reconstruct the phylogeny of SBFS fungi and their closest non-SBFS relatives  
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based on DNA sequence data and examine the relationships among the selected 
species.  
2. To reconstruct the ancestral state of ecological characters of fungi within the order  
Capnodiales, subclass Dothideomycetidae.  
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ABSTRACT 
Sooty blotch and flyspeck (SBFS) is a fungal disease complex that can cause 
significant economic losses to apple growers by blemishing the fruit surface with dark-
colored colonies. Little is known about the environmental biology of individual SBFS 
species, however. In 2009 and 2010, we investigated the timing of infection of apple fruit 
by SBFS species in six commercial apple orchards in Iowa. Five trees in each orchard 
received no fungicide sprays after fruit set. Within 3 weeks after fruit set, 60 apples per 
tree were covered with fruit bags to prevent inoculum deposition. Subsequently, a 
subsample of bagged apples was exposed for a single 2-wk-long period and then 
rebagged for the remainder of the growing season. Treatments were comprised of seven 
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consecutive 2-wk-long exposure periods. Apples that were either bagged or exposed for 
the entire season served as controls. After apples had been stored at 2
º
C for 6 weeks after 
harvest, all SBFS colonies on the apples were identified to species using a PCR-RFLP 
protocol. A total of 15 species were identified.  For the seven most prevalent species, the 
number of infections per cm
2
 of fruit surface was greatest on apples that had been 
exposed early in the season. Two SBFS species, Peltaster fructicola and 
Colletogloeopsis-like FG2, differed significantly from each other in time required to 
attain 50% of the total number of colonies per apple, and analysis of variance indicated a 
significant interaction of SBFS taxon with exposure period. Our findings are the first 
evidence of species-specific patterns in timing of SBFS inoculum deposition and 
infection on apple fruit, and strengthen previous observations that most SBFS infections 
occur early in the fruit development period. By defining taxon-specific phenological 
patterns of fruit infection, our findings, when combined with knowledge of region-
specific patterns of taxon prevalence, set a foundation for development of more efficient 
and cost-effective SBFS management tactics.  
INTRODUCTION 
Sooty blotch and flyspeck (SBFS) is a complex of fungal species that infect apples in 
humid climates worldwide. SBFS fungi can also infect many other fruits, including pear, 
grape, persimmon, mango, and plum, as well as the stems and waxy leaves of many other 
woody plant species (16). SBFS fungi are epiphytes, colonizing the epicuticular wax 
layer without penetrating the cuticle. SBFS colonies can reduce apple fruit quality; fruit 
with SBFS signs are not acceptable for sale as fresh fruit and can reduce the market value 
of the crop by as much as 90% (6, 33). Conventional management of SBFS in eastern 
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North America typically requires application of four to 10 fungicide sprays per season; 
this practice is costly and can create environmental and human health hazards (16).  In 
recent years there has also been increased concern about SBFS among organic apple 
growers, especially in northern Europe (31).  
Previous studies of the SBFS complex focused on species identification, inoculum 
sources, disease management, environmental biology, and cultivar susceptibility (7, 9, 11, 
12, 28). With the advent of techniques to help delineate SBFS species using rDNA 
sequences (6), a clearer picture of the SBFS species assemblage is gradually emerging. 
For example, Díaz Arias et al. (12) provided evidence that many SBFS species differed in 
geographic distribution in the midwestern and eastern U.S. Regionally important species 
assemblages have been delineated for Serbia, Turkey, Germany, Spain and Norway (21, 
25, 3; Batzer, unpublished data).  
Despite some progress in clarifying environmental biology of the SBFS complex, 
certain aspects of the disease cycle remain unexplored. For example, little attention has 
been focused on understanding phenological patterns of infection of apple fruit by 
individual SBFS taxa. The duration of the incubation period between SBFS infection and 
appearance of SBFS signs varies from a few weeks to several months (8, 22), and timing 
of infection and wet periods may affect the growth of SBFS fungi on apples (22). 
Ascospores of Schizothyrium pomi, a major component of the SBFS complex in the 
northeastern U.S., were released from fruiting bodies on Rubus alleghenensis during 
spring and early summer (11). Understanding the timing of infection of SBFS fungi on 
apples may also have important implications for management; for example, fungicide 
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applications can prevent SBFS blemishes during early phases of colonization but will not 
eradicate colonies once they have become visible (8).  
In Iowa, Batzer et al. (4) recently showed that the timing of appearance of 
colonies on apple fruit differed among SBFS species. These workers also presented 
evidence suggesting that SBFS epidemics in Iowa orchards were monocyclic; i.e., that 
there was a single cycle of infection per season. In previous studies in Iowa and North 
Carolina, SBFS spores tended to land on apples early in the season (1, 8, 27); however, 
neither the genera nor species of the SBFS fungi were distinguished. Consistent with the 
discovery that species differ in timing of colony appearance, we hypothesize that SBFS 
species also differ in the timing of infection of apple fruit.  
The objectives of this study were 1) to determine the timing of infection on apple 
fruit by the SBFS complex in Iowa, and 2) ascertain whether there are taxon-specific 
patterns in the timing of infection of apple fruit. 
 
MATERIALS AND METHODS 
Sites.  Trials were conducted in six central Iowa apple orchards in 2009 and four 
orchards in 2010 (Table 1). Orchard locations were as follows: Apple Ridge (AR; 
42°31‟N 93°12‟W), Berry Patch (BP; 41°55‟N 93°27‟W), Center Grove (CG; 41°52‟N 
93°28‟W), Deal‟s Orchard (DO; 41°59‟N 94°24‟W), Iowa State University Horticultural 
Research Station (HS; 42°06‟N 93°35‟W), and Pella Nursery (PN; 41°40‟N 92°87‟W). In 
2010, orchards AR and HS were omitted from the study. In each of the 10 orchard-years, 
experimental plots consisted of five contiguous, mature, semi-dwarf trees (cv. Golden 
Delicious except for AR, which had cv. Liberty) located in a single row on the edge of 
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the orchard; these trees received no fungicides after the first-cover spray, which was 
applied 7 to 10 days after petal fall (32). First-cover spray dates in 2009 were 25 May 
(AR, BP, CG, and DO), 28 May (PN), and 3 Jun (HS); first-cover spray dates in 2010 
were 9 (PN), 15 (CG), 16 (BP), and 17 May (DO). Harvest dates were 14 (AR), 15 (DO), 
16 (PN), and 17 Sep (BP, CG, and HS) in 2009, and 3 (PN), 8 (DO), and 13 Sep (BP, 
CG) in 2010. From green tip (leaf-bud break) through first cover, trees in experimental 
plots were sprayed with demethylation inhibitor (DMI) fungicides, which are relatively 
inactive against SBFS fungi (32), in order to suppress apple scab (caused by Venturia 
inaequalis), rust diseases (Gymnosporangium spp.), and powdery mildew (Podosphaera 
leucotricha). A protectant program of insecticide sprays (32) was applied throughout the 
season to control arthropod pests. 
Exposure period treatments. Twelve to 21 days after petal fall (within 1 week 
after the first-cover fungicide spray) about 60 fruit clusters per tree were thinned 
manually to one fruit per cluster, leaving only the largest fruit. These fruit were then 
covered with two-layer paper fruit bags (Kobayashi Bag Manufacturing Co., Iida, Japan). 
At the beginning of each 2-wk-long exposure period, five arbitrarily selected apples per 
tree were uncovered, and then re-covered at the start of the next exposure period. 
Treatments included seven consecutive exposure periods and two controls: full-season 
coverage by fruit bags and full-season exposure. Exposure periods were denoted using 
colored flagging tape tied to the branch tip above each apple. At harvest, fruit bags were 
removed and apples were counted, sorted by exposure period, placed in perforated plastic 
bags, and stored at 2
o
C for 6 weeks before colonies were counted. 
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Monitoring of leaf wetness duration. Leaf wetness duration (LWD), defined as 
the number of hours per day that free water is present on surfaces, was monitored in each 
orchard during 2009 and 2010 (Table 1). Wetness sensors (WatchDog
TM
; Spectrum 
Technologies, Inc., Plainfield, IL, USA) were deployed at 1.5-m height under the tree 
canopy, facing north at a 45-degree angle to horizontal, in study plots from fruit set until 
harvest. 
Assessment of impact of fruit bags. The impact of the use of fruit bags on each 
SBFS taxon was estimated in two ways. First, the total number of colonies for all 
orchard-years in the control treatment (exposed throughout the fruit development period) 
was compared to the cumulative number of colonies arising from infections that were 
initiated during the seven exposure periods (Fig. 3). For the non-covered control 
treatment, we estimated the total number of colonies of the mycelial type typical of each 
SBFS genus (4). Second, impact of fruit bags on temperature and relative humidity was 
assessed at HS during a 10-week period in Jun-Aug 2012. In this trial, one of a pair of 
adjacent apples in each of three trees was covered with a fruit bag and the other fruit was 
not covered; air temperature and relative humidity inside each fruit bag and adjacent to 
each non-covered fruit were monitored hourly using WatchDog
TM
 sensors and data 
loggers (Spectrum Technologies).  
SBFS colony characterization. Six weeks after harvest, SBFS colonies were 
assessed on the stored apples. On apples from bagging treatments, all SBFS colonies with 
subtending peels on each apple were removed, pressed, and labeled for DNA analysis. 
All colonies on bagged apples were identified to species using PCR-RFLP analysis.  
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On fruit from the non-covered control treatment, SBFS colonies were identified to 
genus by using mycelial type. We counted the total number of colonies of each mycelial 
type on each apple (4, 16). Then, we used the number of colonies of each mycelial type to 
estimate the number of colonies associated with each genus, based on the results of 
previous PCR-RFLP studies conducted in the same orchards during 2006-2008 that 
showed each mycelial type was associated with a distinct genus (4). 
Genomic DNA extraction. Fungal DNA was extracted directly from colonies on 
apple peels (13) using PrepMan
TM
 Ultra Sample Preparation Reagent (Applied 
Biosystems, Foster City, CA, USA). After 8 µl of Prepman reagent was pipetted onto the 
colony, mycelium was scraped and suspended in the buffer; this suspension was then 
transferred by pipet to 25 µl PrepMan
 
buffer. DNA was extracted directly from these 
samples following the manufacturer‟s instructions.  The tubes were incubated in a 
thermocycler for 30 min at 56
o
C followed by 10 min at 100
o 
C (13). Tubes containing 
DNA template were stored at -20
o 
C until PCR amplification.   
Polymerase chain reaction. Amplification of the partial ribosomal DNA (rDNA) 
was performed with primer pair ITS-1F (5‟-CTTGGTCATTTAGAGGAAGTAA-3‟) 
(15) and Myc1-R (5‟-ACTCGTCGAAGGAGCTACG) (13). The 25-µl reaction mixture 
contained 0.25 pM of primers, 200 µM of dNTPs, one unit of Taq DNA polymerase 
(Promega Corporation, Madison, WI), 2.5 mM of MgCl2, and 1.0 µl of fungal DNA 
template. The reactions were performed in a thermocycler (MJ Research Inc., PTC-100, 
Waltham, MA, USA) using the following cycling parameters: denaturation at 95
o
 C for 
95 s; 35 cycles of denaturation at 95
o
 C for 60 s; annealing at 58
o
 C for 60 s; extension at 
72
o
 C for 5 min; and cooling at 4
o
 C. Five-µl aliquots from each reaction were separated 
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on 1% agarose gel (BioRad, Hercules, CA, USA) at 100V in 10X Tris-borate EDTA 
(TBE) buffer.  After electrophoresis, the gel was stained with ethidium bromide, de-
stained with sterile water, and checked for the expected size of PCR product. 
Restriction fragment length polymorphism (RFLP) analysis. Three units of 
restriction enzyme HaeIII (Invitrogen, Carlsbad, CA, USA) were used to digest 15-μl 
aliquots of PCR products with 5 μl of the reaction buffer in a final volume of 20 µl (13). 
The reactions were incubated at 37
o
 C for 30 min. Electrophoresis was performed in 2% 
agarose gel in 10X TBE for 2 hours. A 1 kb Plus DNA ladder (Invitrogen Corp.) was 
used to determine the size of RFLP bands. Gels were stained with ethidium bromide for 
10 min and then rinsed with sterile water. Gels were photographed using UV 
transillumination. Banding patterns were compared to those of previously identified 
SBFS species or genera (13). 
DNA sequencing.  To verify RFLP-based identifications, a subsample consisting 
of two SBFS colonies per banding pattern was sequenced to confirm that the RFLP 
banding patterns matched the expected SBFS species or genus (13). For samples whose 
banding patterns did not match with a previously identified SBFS taxon, PCR products 
were sequenced using ITS1-F and Myc1-R. PCR products were purified (QIAquick DNA 
Purification Kit, QIAgen, Valencia, CA, USA) and automated sequencing was performed 
with a DNA Analyzer (Model 3730xl; Applied Biosystems) at the Iowa State University 
DNA Sequencing and Synthesis Facility (Ames, IA). Edited DNA sequences were 
provisionally identified using nBLAST searches (National Center for Biotechnology 
Information, NCBI, Bethesda, MD) and aligned with previously identified sequences 
using BioEdit (18). 
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Quantification of SBFS colonies. Mean number of colonies per apple (CPA) and 
mean number of colonies per cm
2
 of apple surface area (CPSA) were calculated for each 
exposure period.  Surface area of apples was estimated using calculations based on 
changes in apple diameter (cv. Golden Delicious) over the course of a growing season at 
the HS orchard in 2010 (24). Apple fruit surface area at each exposure period was 
calculated from estimated apple diameter using the standard spherical fruit equation (10). 
Mean diameter of apples during each 2-wk-long exposure period (EP1-EP7) were 25.2, 
35.5, 44.5, 52.4, 59.3, 65.4 and 70.8 mm, respectively. We used cumulative mean number 
of colonies per apple to determine the time when 50% of infections occurred for each 
species by graphing the number of colonies on the middle date of the 14-wk-long 
exposure period (encompassing the seven 2-wk-long exposure periods) and then 
estimating the number of days from the beginning of the period until 50% of the total 
number of infections resulting in colonies at harvest had appeared.   
Statistical analysis. Number of infections for each exposure period, measured as 
colonies per apple and colonies per cm
2 
of apple surface, were compared for each species. 
The 10 orchard-years were treated as replicates since preliminary analysis showed 
significant interactions of orchard and year (P = 0.0014 and P = 0.0007, respectively). To 
test the hypothesis that the timing of apple infection differed among SBFS species, we 
used a broad sense inference comparing the fixed effects of species and exposure period 
to the consistency of these effects across orchard-year (narrow-sense) (PROC MIXED 
type 3) (SAS Inc., Durham, NC, USA). Least square means of exposure period for each 
species were compared using P<0.05 as the threshold and orchard-year as the error term. 
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RESULTS 
Species identification. A total of 1,061 apples were evaluated from treatments 
that had been covered by fruit bags for a portion of the season during 10 orchard-years, 
and DNA was extracted directly from 1,513 SBFS colonies and subjected to PCR-RFLP 
analysis. Amplicons were obtained from 1,462 colonies (96.6%) using the Capnodiales-
specific primer set, and 1,417 (93.6%) of all colonies produced RFLP patterns matching 
those of previously identified SBFS taxa (13). Forty-five SBFS colonies produced RFLP 
patterns that did not match those of previously identified SBFS taxa and were further 
examined using direct sequencing. BLASTn searches on GenBank indicated that these 
sequences came from two putative species that were not previously associated with 
SBFS: a Mycosphaerella sp. was recovered in three orchard-years and a Penidiella sp. 
was obtained once. These new ITS sequences were submitted to GenBank (Table 2). A 
total of 15 SBFS species were detected using PCR-RFLP and sequence analysis.  
For the control apples that had been exposed throughout the season, subsampled 
SBFS colonies of each mycelial type were identified to genus. The number of colonies 
per apple for each genus was estimated from the mycelial type counts on apple, and the 
corresponding genus name was based on previous PCR-RFLP results as follows:  
flyspeck (Schizothyrium), ridged honeycomb (Microcyclosporella), ramose (Stomiopeltis-
like), discrete speck (Dissoconium), fuliginous (Colletogloeopsis-like), and punctate 
(Peltaster). 
 Species prevalence. The eight most prevalent species (Schizothyrium pomi, 
Microcyclosporella mali, Stomiopeltis sp. RS1, Stomiopeltis sp. RS2, Dissoconium 
aciculare, Colletogloeopsis-like sp. FG2, Peltaster sp. P2, and Peltaster fructicola) were 
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detected in 9 or 10 orchard-years and 6 or 7 exposure periods (Table 2). Less prevalent 
species, including Diatractium-like sp., Uwebraunia commune, Ramularia sp. P5, 
Pseudoveronaea sp., and Mycosphaerella sp., were detected in six or fewer orchard-
years. Two species (Phaeothecoidiella sp. and Penidiella sp.) were detected in a single 
orchard-year (Table 2).  
Patterns of infection.  Significant differences in total number of colonies per 
apple (CPA) and colonies per cm
2
 surface area (CPSA) were detected among the seven 
exposure periods (P=0.0514 and P<0.0001, respectively) and the 15 SBFS species 
(P=0.0014 and P=0.0030, respectively) using ANOVA, but differences among the 10 
orchard-years were not found (P=0.0966 and P=0.0738, respectively). Infection period 
patterns were highly consistent (P=1.0 for CPA and P=0.9990 for CPSA) for the 
interaction of orchard-year x exposure period x species.  Consistency of infection period 
patterns for each species (exposure period x species), using orchard-year for the error 
term, was significant for CPSA (P=0.0006) but not for CPA (P=0.0599). 
 For most SBFS species identified in this study, CPSA per exposure period was 
highest in the first two exposure periods and then decreased over the course of the 
remaining exposure periods (Fig. 1), although the rate of decrease differed among 
species.  
 Schizothyrium pomi infections were highest during the first 8 weeks after fruit set, 
then declined gradually until harvest (Fig. 1A).  Microcyclosporella mali had the largest 
number of CPSA within the first exposure period; it then decreased by 48% during the 
second exposure period and remained low throughout subsequent exposure periods (Fig. 
1B).  Infection patterns for Stomiopeltis sp. RS1 and Stomiopeltis sp. RS2 were similar to 
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that of M. mali in that most infections occurred during the first 2 wk after fruit set, then 
declined significantly (P<0.05) until the end of the 14-wk-long exposure period (Figs. 
1C, D). The CPSA of Dissoconium aciculare, Colletogloeopsis-like sp. FG2, and 
Peltaster sp. P2 initiated during the first 4 weeks after fruit set was significantly (P<0.05) 
higher than for subsequent exposure periods (Fig. 1E, F, G). For Peltaster fructicola (Fig. 
1H) as well as less common species, however, there were no significant differences in 
CPSA among exposure periods.  
Time to 50% of colony infections. By 20 days after fruit set, Colletogloeopsis-
like sp. FG2 had reached 50% of the total number of infections that ultimately resulted in 
colonies (Fig. 2). In contrast, P. fructicola required more than twice as long - 43 days - to 
reach the 50% infection level; these two species differed significantly (P<0.05) from each 
other. Other prevalent species were statistically indistinguishable from each other in time 
to 50% infection, ranging from 23 to 34 days. 
Impact of fruit bags. No SBFS colonies were visible on apples that had been 
covered by fruit bags for the entire fruit development period. In contrast, all apples that 
were exposed in this manner displayed many more SBFS colonies than the cumulative 
number of colonies formed on apples totaled over the seven 2-wk-long exposure periods. 
All genera of SBFS fungi that were present in the non-bagged control treatment were also 
present in the bagged treatments (Fig. 3). Paired T-tests of each SBFS genus over the 10 
orchard-years indicated that the fruit bags significantly (P<0.05) reduced the total number 
of colonies of Stomiopeltis-like spp., Dissoconium sp., and Peltaster spp. by 80%, 93%, 
and 97%, respectively.  In contrast, fruit bags did not significantly affect the number of 
Schizothyrium sp., Microcyclosporella sp., and Colletogloeopsis-like sp. colonies. 
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Differences in total number of colonies between the non-covered control treatment and 
the summed 2-wk-long exposure treatments were greater during 2010, which was a much 
wetter growing season than 2009 (Table 1; Ismail, unpublished data).  
 
DISCUSSION 
This study provides the first evidence of taxon-specific patterns in the timing of 
infection by SBFS fungi on apple fruit. Our findings build on recent evidence of taxon-
specific patterns in the timing of late-season colony appearance (4) by pinpointing the 
timing of earlier events in the disease cycle.  Combining knowledge of key events in the 
biology of SBFS taxa with recognition of which taxa are most prevalent in each region 
(12, 16), and how each responds to environmental conditions (5, 11), can build a 
foundation for development of more cost-effective and regionally focused SBFS 
management tactics such as disease-warning systems (16).  
Our study is also the first to focus on community-wide phenological patterns of 
SBFS infection. Cooley and co-workers (11) characterized the temperature dependency 
of thyriothecia development of Schizothyrium pomi, a prevalent SBFS species, on the 
reservoir host species Rubus allegheniensis in Massachusetts, USA, but little is known 
about the environmental biology of spore formation, release, and deposition for other 
SBFS species. Brown et al. (8) pinpointed the timing of the start of the infection period 
for apple by the SBFS species Gloeodes pomigena and S. pomi in North Carolina, USA, 
as 10 to 21 days after petal fall. Gao et al. (14) recently documented the development and 
subsequent collapse of hyphae linking clusters of sclerotium-like bodies of the SBFS 
fungus Schizothyrium pomi on apple fruit; however, the environmental biology of the 
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events occurring between infection and colony appearance has not yet been characterized 
for this or any other SBFS taxa.  
Taxon-specific phenological patterns have begun to emerge for the SBFS 
assemblage in Iowa orchards, but these patterns remain to be discovered for SBFS 
assemblages that are characteristic of other apple-producing regions of the world where 
the disease is a problem. Nevertheless, the present study corroborated previous findings 
in Poland, Germany, and Brazil (17, 26, 28) that most SBFS infections occur during the 
first half of the fruit development period, although these studies did not discriminate 
among SBFS taxa. In the present study, the number of SBFS infections was greatest in 
the first half of the fruit development period, which may be due to relatively high rates of 
inoculum deposition during that time. However, verification of this assumption would 
require spore trapping accompanied by species identification of the spores. Our study 
also provided evidence that the first SBFS infections in Iowa orchards occur 12 to 21 
days after petal fall, which is similar to the estimate from North Carolina studies (8).  
The use of fruit bags for studying time-dependent patterns of infection clearly 
impacted the number of infections caused by some SBFS taxa. Nevertheless, no SBFS 
genus was excluded from the post-harvest colony counts as a result of bagging. Ten 
weeks of monitoring the microenvironment within fruit bags and ambient conditions 
immediately outside the bags during the 2012 growing season revealed little difference: 
the ranges of mean daily relative humidity and maximum daily air temperature inside the 
bags were 74-77% and 24.0-25.0
o
 C, respectively, compared to 73-77% and 24.5-24.7
o 
C 
outside the bags. However, it is reasonable to assume that other microclimate alterations 
inside bags, such as shorter duration of wet periods and protection from rainfall and 
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ultraviolet radiation, could influence the growth, spread and pigmentation of SBFS fungi 
on apples. For example, preliminary evidence (Batzer, unpublished data) that light 
stimulated development of dark sclerotium-like bodies of Dissoconium aciculare on 
media suggests that, light-colored (and thus less visible) colonies of this species (5) may 
have lacked these bodies and therefore were not discernible on bagged fruit.   
The present study showed that D. aciculare infected apple fruit early in the 
season, whereas a previous study in Iowa found that its colonies became apparent late in 
the season (4). It therefore appears that this species infects at about the same time as other 
SBFS fungi but is much slower to develop visible colonies. Compared to other SBFS taxa 
tested in vitro, D. aciculare grew relatively slowly under the high (30 to 35
o
 C daily 
maximum) temperatures typical of the middle of the fruit development period (July and 
August) in Iowa, but grew more rapidly than other taxa at 15
o 
C, which is closer to the 
daily mean temperature in Iowa in September, during the final month of fruit maturation 
(5).  
Our experiments provide indirect evidence supporting Batzer et al.‟s (4) 
conclusion that the most prevalent operational taxonomic units of the SBFS assemblage 
in Iowa orchards exhibited monocyclic patterns of apple infection; that is, infections are 
initiated early in the season with one cycle of infection per growing season. For most of 
the taxa in the present study, total number of colonies per apple was only marginally 
higher for non-covered controls than for the bagged apples summed over all exposure 
periods (Fig. 3), suggesting that secondary cycles of spore production and colony 
development did not occur on apple fruit during the summer. However, Peltaster 
fructicola had >20-fold more colonies per apple in the non-covered (exposed all season) 
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control than the bagged treatments, suggesting that colony increase followed a polycyclic 
pattern on the non-covered apples. Two Peltaster species, Peltaster sp. P2 and P. 
fructicola, occur on apple fruit in Iowa; although we could not distinguish between these 
two species on the exposed control group apples in the present work, our findings suggest 
that P. fructicola exhibited polycylic epidemics because this species proliferated on 
exposed apples but not the bagged apples. Furthermore, P. fructicola is known to produce 
abundant yeast-like blastospores as secondary inoculum on apples under wet conditions 
(5, 22, 34), unlike the other SBFS genera in this study. During the previous (2006-2008) 
Iowa study by Batzer et al. (4), however, prevalence of drought conditions prevented 
determination of whether Peltaster infections followed a monocyclic or polycyclic 
pattern.  
Two new potential SBFS species were detected in the study based on unique ITS 
sequences. It is reasonable to hypothesize that there are additional undiscovered SBFS 
species in Iowa orchards, since a wide diversity of reservoir hosts that surround most 
Iowa apple orchards may contribute to the sources of inoculum for SBFS epidemics (19, 
16).  This study also confirms previous findings (16) identifying the eight most prevalent 
and abundant SBFS species that threaten apples in central Iowa.   
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Table 1.  Exposure periods, number of apples collected, mean daily temperature and leaf wetness duration (LWD) during each two-
week-long exposure period for six orchards in central Iowa in 2009 and 2010 
      2009   2010 
Exposure 
period
a
 
    AR
b
 BP CG DO HS PN   BP CG DO PN 
1 Begin date
c
 
 
1 Jun 5 Jun 5 Jun 4 Jun 5 Jun 3 Jun 
 
24 May 19 May 21 May 14 May 
 
End date 
 
15 Jun 19 Jun 19 Jun 18 Jun 19 Jun 17 Jun 
 
7 Jun 2 Jun 4 Jun 28 May 
 
No. of apples 
 
10 26 23 31 62 34 
 
29 26 33 25 
 
Mean temperature
d
 
 
ND
f
 19.2 19.4 18.7 20.6 19.2 
 
21.3 19.8 20.4 ND 
 
LWD
e
 
 
ND 56 70 105 22 108 
 
93 103 101 58 
 
 
            
2 Begin date 
 
15 Jun 19 Jun 19 Jun 18 Jun 19 Jun 17 Jun 
 
7 Jun 2 Jun 4 Jun 28 May 
 
End date 
 
29 Jun 3 Jul 3 Jul 2 Jul 3 Jul 11 Jul 
 
21 Jun 16 Jun 18 Jun 11 Jun 
 
No. of apples 
 
9 20 22 21 17 22 
 
22 19 20 24 
 
Mean temperature 
 
27.7 23.3 23.4 23.8 23.4 23.7 
 
21.7 21.4 21.2 22 
 
LWD 
 
56 56 45 132 27 123 
 
121 115 119 104 
 
 
            
3 Begin date 
 
29 Jun 3 Jul 3 Jul 2 Jul 3 Jul 11 Jul 
 
21 Jun 16 Jun 18 Jun 11 Jun 
 
End date 
 
13 Jul 17 Jul 17 Jul 16 Jul 17 Jul 15 Jul 
 
5 Jul 30 Jun 2 Jul 25 Jun 
 
No. of apples 
 
5 19 23 15 17 21 
 
25 25 17 21 
 
Mean temperature 
 
19.6 21.1 19.5 21.8 20.7 ND 
 
23.2 23.3 22.4 23.7 
 
LWD 
 
69 89 72 112 29 ND 
 
95 134 123 123 
              
4 Begin date 
 
13 Jul 17 Jul 17 Jul 16 Jul 17 Jul 15 Jul 
 
5 Jul 30 Jun 2 Jul 25 Jun 
 
End date 
 
27 Jul 31 Jul 31 Jul 30 Jul 31 Jul 29 Jul 
 
19 Jul 14 Jul 16 Jul 9 Jul 
 
No. of apples 
 
5 17 22 20 14 20 
 
23 21 19 19 
 
Mean temperature 
 
19 24.7 19.7 19.9 19.8 ND 
 
24.2 23.8 23.5 23.1 
 
LWD 
 
38 150 29 88 21 ND 
 
115 105 137 131 
5
2
 
  
Table 1. Continued 
            
      2009   2010 
Exposure 
period
a
 
    AR
b
 BP CG DO HS PN   BP CG DO PN 
5 Begin date 
 
27 Jul 31 Jul 31 Jul 30 Jul 31 Jul 29 Jul 
 
19 Jul 14 Jul 16 Jul 9 Jul 
 
End date 
 
10 Aug 14 Aug 14 Aug 13 Aug 14 Aug 12 Aug 
 
2 Aug 28 Jul 30 Jul 23 Jul 
 
No. of apples 
 
5 18 17 15 14 22 
 
21 20 21 23 
 
Mean temperature 
 
20.3 22.3 22.4 22.2 22.3 ND 
 
24.4 25.5 24.2 24.9 
 
LWD 
 
20 22.3 72 99 27 ND 
 
109 ND 117 140 
              
6 Begin date 
 
10 Aug 14 Aug 14 Aug 13 Aug 14 Aug 12 Aug 
 
2 Aug 28 Jul 30 Jul 23 Jul 
 
End date 
 
24 Aug 28 Aug 28 Aug 27 Aug 28 Aug 26 Aug 
 
16 Aug 11 Aug 13 Aug 7 Aug 
 
No. of apples 
 
11 17 18 16 9 20 
 
20 18 20 22 
 
Mean temperature 
 
20.2 19.8 19.9 20.3 19.4 ND 
 
25.1 24.3 25.4 24.5 
 
LWD 
 
26 96 78 129 42 ND 
 
133 ND 120 127 
              
7 Begin date 
 
24 Aug 28 Aug 28 Aug 27 Aug 28 Aug 26 Aug 
 
16 Aug 11 Aug 13 Aug 7 Aug 
 
End date 
 
7 Sep 11 Sep 11 Sep 10 Sep 11 Sep 9 Sep 
 
30 Aug 25 Aug 27 Aug 21 Aug 
 
No. of apples 
 
8 10 16 15 12 19 
 
15 22 23 27 
 
Mean temperature 
 
ND ND ND 17.4 18.1 ND 
 
25.4 23.3 25.3 24.5 
 
LWD 
 
ND ND ND 186 ND ND 
 
93 ND 4 16 
                            
a
Exposure period (EP) treatments were 2-week-long periods during which apples were uncovered to allow for inoculum deposition 
and infection by SBFS fungi. The initial exposure period for all apples started at the onset of petal fall and continued for 
approximately 3 weeks. Subsequent exposure periods continued consecutively until harvest.               
b
All orchard sites had cv. Golden Delicious except cv. Liberty at Apple Ridge in 2009.  
c
Begin dates for each 2-week-long exposure period throughout growing season.
 
 
d
Mean daily temperature for each exposure period was monitored using an electronic sensor (Spectrum Technologies) placed within 
5
3
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
the apple tree canopy. 
e
Leaf wetness duration (LWD) for each exposure period was monitored using an electronic sensor (Spectrum Technologies) placed 
within the apple tree canopy. The numbers shown represent the total hours of LWD during the exposure period.               
f
ND= Not determined. 
              
5
4
 
  
Table 2. Prevalence of SBFS species based on 10 orchard-years (6 orchards in 2009 and 4 orchards in 
2010) and seven 2-week-long exposure periods. 
Species identified
a
 
  Representative  
rDNA ITS 
sequence 
  
Number 
of 
orchard-
years 
detected
b
 
  
Number of orchard-years 
detected per exposure period
c
 
    1 2 3 4 5 6 7 
Schizothyrium pomi   AY598851         10   9 10 9 8 6 6 7 
Microcyclosporella spp. 
RH 
  FJ425196   10   7 7 7 6 8 8 5 
Stomiopeltis sp. RS1   AY598882   10   5 7 5 4 5 5 3 
Stomiopeltis sp. RS2   AY598883   10   8 5 4 6 6 6 3 
Dissoconium aciculare   AY598874   10   7 7 5 0 3 3 2 
Colletogloeopsis-like sp. 
FG2 
  FJ425193   9   8 5 2 2 5 3 2 
Peltaster sp. P2   AY598888   9   6 6 4 6 5 5 1 
Peltaster fructicola   AY598887   9   4 2 0 2 2 3 3 
Diatractium-like sp.   JQ347531   6   4 1 1 2 5 1 1 
Uwebraunia commune   AY598876   5   4 0 1 0 1 3 0 
Ramularia sp. P5   AY598873   4   0 1 1 1 2 0 0 
Pseudoveronaea sp.   AY598877   3   1 0 0 1 0 0 0 
Mycosphaerella sp.
d
   KF922739   3   1 2 0 1 0 0 0 
Phaeothecoidiella spp.    
AY598878, 
AY598879 
  1   1 1 0 0 0 0 0 
Penidiella sp.
d
   KF922740   1   1 0 0 0 0 0 0 
                          
a
Species were delineated using a PCR-RFLP analysis of rDNA (13) and a subset was verified with 
sequencing 
5
5
 
  
b
Prevalence among orchard-years (out of 10 orchard-years) 
c
Apples were covered with Fuji bags within 10 days after first-cover spray, then for a single 2-week-
long exposure period, and were subsequently rebagged until harvest. There were seven exposure 
periods, designated by the column headings.  
d
Not previously reported as a member of the SBFS complex.  
5
6
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Figure 1. Infection period patterns of the eight most prevalent SBFS species on apples 
from 10 orchard-years in central Iowa in 2009 and 2010. Apples were covered by fruit 
bags and subsamples of apples were each exposed in a series of seven 2-week-ong 
periods beginning 12 to 20 days after petal fall. Mean colonies per cm
2
 is defined as 
number of colonies observed at harvest, divided by the estimated surface area of the 
apples during the time when the apples were exposed. Bars with the same letters are not 
significantly different from each other (P<0.05). A. Schizothyrium pomi B. 
Microcyclosporella mali C. Stomiopeltis sp. RS1, D. Stomiopeltis sp. RS2, E. 
Dissoconium aciculare, F. Colletogloeopsis-like sp. FG2, G. Peltaster sp. P2, H. 
Peltaster fructicola.  
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Figure 2. Time to 50% infection for the eight most prevalent SBFS species on apples 
from 10 orchard-years in central Iowa in 2009 and 2010. Date to 50% infection was 
determined by graphing the number of colonies of each species on the middle date of 
each exposure period for each orchard-year, then estimating the mean days to 50% 
infection. Bars followed by the same letters are not significantly different (P< 0.05) based 
on Fishers Least Significant Difference test. 
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Figure 3. Mean number of colonies associated with six prevalent SBFS genera from 1) 
control apples exposed all season, and 2) summing the total number of colonies caused 
by infections occurring during all seven 2-week-long exposure periods from 10 orchard-
years in 2009 and 2010. Differing letters for each genus indicate significant (P<0.05) 
differences between control and treatment apples determined by paired T-tests based on 
orchard-year (n=10 orchard-years). 
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CHAPTER 3. PHYLOGENETIC ANALYSIS TO ASSESS THE 
EVOLUTIONARY ORIGINS OF SOOTY BLOTCH AND FLYSPECK FUNGI 
ON APPLE 
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ABSTRACT 
Members of the sooty blotch and flyspeck (SBFS) complex are epiphytic fungi in the 
Ascomycota that cause economically damaging blemishes of apple fruit worldwide. 
About 96% of SBFS species are in the order Capnodiales. However, evolutionary origins 
of SBFS fungi remain unclear. We attempted to reconstruct the evolutionary history of 
major SBFS lineages by means of ancestral state reconstruction, utilizing the 28S nuclear 
large subunit (LSU) region of rDNA and the RPB2 gene, which encodes the second 
largest subunit of RNA polymerase II. The analyzed taxa encompassed numerous well-
known genera of SBFS and non-SBFS fungi from seven families within the Capnodiales. 
The non-SBFS taxa were selected based on their distinct ecological niches, including 
plant parasitic and saprophytic species, as well as high homology to SBFS species. 
Results of phylogenetic analysis suggest that most SBFS species are closely related to 
plant parasitic fungi. Ancestral state reconstruction based on LSU and RPB2 datasets 
provided strong evidence that plant-parasitic fungi were the ancestors of major SBFS 
lineages in Capnodiales nodes. Knowledge gained from this study may help to better 
understand the ecology and evolution of epiphytic plant-inhabiting fungi. 
 
INTRODUCTION 
Fungi in the sooty blotch and flyspeck (SBFS) complex are epiphytes that form tightly 
adhering colonies on the surface of living fruit of apples and many other plant hosts, such 
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as pear, plantain, mango and persimmon, in humid production regions around the world 
(Gleason et al. 2011). SBFS fungi colonize the waxy epicuticle of plant surface with dark 
superficial mycelia without penetrating the underlying living tissue. Apples that are 
heavily infected with SBFS lose water more rapidly in storage than non-infected apples, 
which reduces their storage life (Williamson & Sutton 2000). In North America, heavily-
infected fruit are not marketable as fresh produce and can result in economic losses for 
fresh-market apples of up to 90% (Williamson & Sutton 2000).  
 Most SBFS fungi reside in the phylum Ascomycota, and approximately 96% 
of known SBFS species are in the order Capnodiales, subclass Dothideomycetidae. 
Analysis of rDNA gene sequences coupled with assessment of morphological 
characteristics has revealed more than 80 putative and described species in the SBFS 
complex (Batzer et al. 2005; Díaz Arias et al. 2010; Mayfield et al. 2012). These findings 
represent a vast expansion of documented diversity in the SBFS complex, since only four 
species had been recognized in the previous 165 years of research (Williamson & Sutton 
2000). Prolonged periods of exposure to ultraviolet (UV) radiation, desiccation, and 
limited-nutrient conditions suggest that SBFS taxa share key ecological traits to survive 
on plant surfaces, and they may share a common evolutionary history. However, no study 
has so far addressed the evolutionary history of these fungi or inferred the key transitions 
between SBFS fungi and their ancestors. By studying SBFS fungi we may learn more 
about the evolution and adaptation of other microbes that dwell on plant surfaces.  
 In view of rapidly expanding knowledge of the diversity of the complex as 
well as improved methods to suppress the economic damage caused by these some of 
these pathogens, an investigation of the biodiversity and evolutionary origins of the SBFS 
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complex was undertaken. Nuclear ribosomal RNA genes have proven useful for 
phylogenetic inferences in fungi (Schoch et al. 2012; Lutzoni et al. 2004) and the 28S 
large subunit (LSU) rDNA is a commonly used marker  to study evolution of symbiosis 
within the Ascomycota (Fell et al. 2000; Lutzoni et al. 2001; Scorzetti et al. 2002). 
Previous efforts to reconstruct the evolutionary origins of fungal groups have also used 
DNA sequence information from the second largest RNA polymerase II, RPB2 gene (Liu 
& Hall 2004; James et al. 2006). The RPB2 gene is a protein-encoding gene that occurs 
as a single copy in the genome, has a slow rate of sequence divergence, and can resolve 
deep phylogenetic relationships with a high level of reliability (Liu et al. 1999; Liu & 
Hall 2004). Schoch et al. (2006) reported that, for phylogenetic studies in 
Dothideomycetes and Lecanoromycetes, the RPB2 gene provided significant support for 
nodes that were not resolved by ribosomal gene data.  
 There is an increased interest in analyzing morphological evolution and 
ecological shifts in fungal lifestyle (Lutzoni et al. 2001; Binder & Hibbett 2006; Gueidan 
et al. 2007; Ekman et al. 2008). Mapping ecological characters in a molecular phylogeny 
can provide in-depth information on the evolutionary origin of a particular trait. 
However, simply generating phylogenetic trees and determining the character states of 
their terminal taxa to assess ecological character transition is not adequate to confidently 
infer which state is primitive or derived. Recently, ancestral state reconstruction has been 
used to analyze the distribution of traits across extant organisms and to infer ancestral 
character states (Pagel 1999; Huelsenbeck & Bollback 2001). Phylogenetic 
reconstruction using maximum likelihood and Bayesian approaches offers advantages of 
accommodating phylogenetic ambiguity regarding the evolution of a character and 
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includes an estimation of uncertainty in tree topology and branch lengths. In addition, 
Bayesian approaches facilitate the statistical testing of hypotheses regarding character 
trait evolution (Huelsenbeck et al. 2000; Ronquist 2004).  
 For this study, we hypothesize that SBFS fungi are polyphyletic and 
some SBFS arose from plant parasitic species. In this case, each SBFS lineage would be 
closely related to plant parasites rather than saprophytes. A rationale for the premise that 
plant parasitism is an ancestral state for SBFS fungi was derived from observations that 
SBFS grouped with other plant parasitic fungi within some families in the Capnodiales in 
rDNA analyses, even though these groups appear to be ecologically distinct. Some SBFS 
relatives appear to be plant-parasitic fungi that cause necrotrophic leaf lesions, which 
eventually kill the host tissue cells. For example, SBFS fungi appear to be related to 
tissue-penetrating plant parasites in the family Mycosphaerellaceae, including fungi in 
the genera Cercospora, Pseudocercospora, Ramularia, Ramichloridium and Septoria 
(Arzanlou et al. 2007, Crous & Wingfield 1996). In contrast, SBFS fungi colonize the 
waxy cuticle of plant surfaces without causing necrosis and could be considered 
epiphytes. Furthermore, saprophytes obtain nutrient from dead material, but SBFS fungi 
are only known to grow on living plant surfaces. Because these groups appear to have 
different ecological niches, clarification of their evolutionary relationships is a key factor 
in understanding the evolution of Capnodiales and SBFS fungi.  
              Integrating epiphytic (SBFS), plant parasitic, and saprophytic species across a 
phylogenetic tree will help us better understand the ecological niches of the SBFS fungal 
complex. The objectives of this study were i) to clarify the evolutionary history of SBFS 
fungi and closely related non-SBFS fungi and ii) assess the evolutionary origin of SBFS 
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fungi and their close relatives within the Dothideomycetidae dataset using ancestral state 
reconstruction analysis.  
MATERIALS AND METHODS 
Taxon sampling. To determine phylogenetic placement, our taxon sampling was 
limited to fungi belonging to three recognized orders: Capnodiales, Dothideales and 
Myriangiales, subclass Dothideomycetidae, class within the Dothideomycetes (Table 1). 
In addition, some isolates representative of the orders Dothideales and Myriangiales were 
included in this study to show a deeper phylogeny outside Capnodiales. Within the 
constraints of time and availability of specimens, as many taxa were sampled as possible. 
For SBFS fungi, 23 representative species from 15 anamorphic genera within the families 
Mycosphaerellaceae, Dissoconiaceae, Micropeltidaceae, Schizothyriaceae and 
Teratosphaeriaceae were selected from the Gleason personal collection (GPC) at Iowa 
State University. An additional five SBFS species outside the Capnodiales (in the 
Pleosporomycetidae) were also selected (Table 1). The taxon sampling also included four 
representative fungal species in the Pleosporales (Pleosporomycetidae).  
To select representatives of the closest relatives of SBFS fungi, BLAST 
nucleotide searches (National Center for Biotechnical Information, Bethesda, Maryland, 
USA) were performed using all LSU sequences of known SBFS fungi as query 
sequences. The BLASTn searches in GenBank showed a high homology between SBFS 
taxa and plant parasitic species, taxa with the closest matches were used for phylogenetic 
analyses. In contrast, known LSU sequences of SBFS fungi did not show close affinity to 
saprophytic species. However, saprophytic fungi in the Dothideomycetes were included 
in the taxon sampling. The LSU sequences of plant parasitic with high similarity to SBFS 
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LSU sequences were downloaded from GenBank for phylogenetic analysis.  
Cultures of non-SBFS fungi were obtained from the Centraalbureau voor 
Schimmelcultures (CBS-KNAW Fungal Biodiversity Centre) in Utrecht, The 
Netherlands, or the working collection of P. W. Crous (CPC), including at least one 
representative species of each of the families Mycosphaerellaceae, Dissoconiaceae, 
Capnodiaceae, Davidiellaceae, and Teratosphaeriaceae in the Capnodiales (Table 1). No 
cultures representing the families Antennulariellaceae or Metacapnodiaceae was 
available. Also, family Piedraiceae was not represented because this family has not been 
well resolved within the Capnodiales (Crous et al. 2009). In total, seven families within 
Capnodiales were represented. Saccharomyces cerevisiae was used as the outgroup for 
the LSU (HQ262270) and RPB2 datasets (NM_001183570).  
DNA extraction, PCR amplification and sequencing. Genomic DNA was 
extracted from fresh fungal mycelium using the Wizard® Genomic DNA Purification kit 
(Promega Corporation, Madison, WI, USA) following the manufacturer‟s protocol for 
plant tissue. DNA concentration was measured by a NanoDrop Spectrophotometer ND-
1000 V3.3 (NanoDrop Technologies, Inc., Wilmington, DE, USA). DNA extracted from 
the fungal isolates was used as template for polymerase chain reaction (PCR) to amplify 
the targeted genes:  (1) a partial (~800 bp) of the 28S Large Subunit (LSU) rDNA; and 
(2) a partial gene region (1.2-kb) fragment of the RNA polymerase II second largest 
subunit (RPB2) (from conserved regions 5 to 7).  
The LSU region was amplified using primers LROR and LR5 (Vilgalys & Hester 
1990). The partial LSU region was sequenced only for isolates less than 600 bp in length. 
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PCR mixtures and conditions followed those outlined by (Vilgalys & Hester 1990). 
Following LSU amplification, PCR products were visualized on 1% agarose gels stained 
with ethidium bromide and viewed under UV illumination imager (BioRad). PCR 
products were purified using illustra GFX PCR DNA and Gel Band Purification Kit (GE 
Healthcare, Amersham Biosciences, Buckinghamshire, U.K.) and then quantified on a 
NanoDrop Spectrophotometer ND-1000 V3.3 prior to sequencing.  
Primers used for amplification of the partial RPB2 gene were fRPB2-5F and 
fRPB2-7cR (Liu et al. 1999). The PCR amplifications were performed in a total volume 
of 25 μl containing 10-20 ng of template DNA, 1X PCR buffer, 1 μl of dimethylsulfoxide 
(DMSO) (5%), 25 mM MgCl2, 0.4 μM of each primer, 0.2 mM of each dNTP and 0.02 U 
GoTaq® Flexi DNA polymerase (Promega Corporation, Madison, WI, USA). The PCR 
program for the partial RPB2 gene was as follows: an initial denaturation temperature of 
95° C for 5 min, followed by 35 cycles of denaturation temperature of 95° C for 1 min, 
primer annealing at 55°
 
C for 2 min, primer elongation at 72°
 
C for 90 s and a final 
extension step at 72°
 
C for 10 min (Liu et al. 1999). For partial RBP2 gene amplification, 
the PCR products with desired fragments were excised and purified from agarose gel 
using Illustra GFX PCR DNA and Gel Band Purification kit, and the purified PCR 
products were cloned using pGEM®-T Easy Vector Systems (Promega Corporation, 
Madison, WI, USA). The positive recombinants were confirmed by PCR using M13 
forward and reverse primers. Plasmids were extracted using Illustra
TM
 PlasmidPrep Mini 
Spin Kit (GE Healthcare, Amersham Biosciences, Buckinghamshire, U.K.). Plasmid 
DNA was sequenced using T7-2 forward and SP6 reverse primers with Big Dye 
Terminator version 3.1 Chemistry (Applied Biosystems, Foster City, CA, USA) with an 
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ABI Prism 3730xl DNA Analyzer (Applied Biosystems) at the DNA Sequencing and 
Synthesis Facility of the Iowa State University Office of Biotechnology. New sequences 
generated in this study were deposited in GenBank (Table 1). 
Sequence alignment and phylogenetic analysis. For the LSU dataset, retrieved 
sequences were added to other sequences obtained from the NCBI GenBank nucleotide 
database (http://www.ncbi.nlm.nih.gov) and were aligned with existing LSU sequences 
of the SBFS fungi and related non-SBFS fungi in MAFFT (Multiple Alignment for 
nucleotide sequences) V. 6. 0 (Katoh et al. 2005). The aligned sequences were then 
manually corrected using BioEdit version 7.0.9.0 (Hall 1999). Ambiguous characters in 
the alignment were excluded from the analysis. Likewise, sequence datasets for RPB2 
gene were aligned in MAFFT; all introns and ambiguously aligned characters were 
excluded. For both datasets, Saccharomyces cerevisiae was used as the outgroup to root 
the phylogenetic trees. Alignments were deposited in TreeBASE XXXXXX. 
Bayesian analysis. Bayesian analysis was performed on two separately aligned 
datasets to estimate two phylogenies. A mixed model was used to generate Bayesian trees 
and a Markov Chain Monte Carlo (MCMC) algorithm was used to generate phylogenetic 
trees with MrBayes version 3.2.2  (Ronquist & Huelsenbeck 2003). Two independent 
analyses were each run for 5 million generations using four Markov chains, saving a tree 
every 500 generations. The first 200 trees were removed to avoid sampling any trees that 
might have been sampled before the convergence of a Markov chain. A maximum clade 
credibility (MCC) tree of the sampled trees in Bayesian MCMC analysis and posterior 
probabilities (PPs) of the clade were summarized in TreeAnnotator (Drummond and 
Rambaut 2007). 
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Bayesian ancestral state reconstruction 
 
A Bayesian MCMC analysis using BayesTraitsMultiState (Pagel et al. 2004) was 
used to reconstruct ancestral states across the posterior distribution of Bayesian trees. We 
reconstructed ancestral states at each node of interest within subclass Dothideomycetidae 
on a maximum clade credibility tree. For the ancestral state reconstruction, each taxon 
was assigned an ecological character state: 1) plant parasitic; 2) SBFS epiphytic; and 3) 
saprophytic. The MCMC analysis was conducted to run for 10,000,000 iterations, 
sampling every 1,000 iterations and discarding the first 100,000 samples as „burn-in‟. We 
used the „Addnode‟ command to reconstruct the common ancestor for each node of 
interest in the phylogeny. We performed a Reversible-Jump Markov Chain Monte Carlo 
(RJMCMC command) (Pagel & Meade 2006) analysis to find the proportional likelihood 
of the character states at each node. The „hyperprior‟ approach was selected to specify an 
exponential prior seeded from a uniform on the interval 0 to 30. The average of the mean 
values of the proportional likelihoods for each node from the output files generated from 
BayesMultiState was calculated using Excel.   
To test for significance of support for the ancestral state reconstruction at the 
Capnodiales nodes in the tree topology (LSU, node 7; RPB2, node 7), we used the 
“fossil” command in BayesMultiState. By fixing the node of interest at both states, 
likelihoods of the trees can be compared (Pagel and Meade 2006). We performed this 
method for Capnodiales nodes in both LSU and RPB2 datasets with a RJMCMC analysis. 
The RJMCMC analysis was conducted to run for 10,000,000 iterations, sampling every 
1,000 iterations and discarding the first 100,000 samples as „burn-in‟ for each node 
fossilized at each state. We used the log of the harmonic mean of the likelihoods to 
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compute Bayes Factor, which can be computed as twice the difference between these two 
numbers. In interpreting Bayes Factor, values of >10 indicate very strong support (Kass 
& Raftery 1995).  
RESULTS 
LSU phylogeny 
The aligned sequence obtained for the LSU regions had a total length of 847 
nucleotide characters. The dataset used in the analysis encompassed 62 taxa including the 
outgroup taxon. The Bayesian analysis resulted in 10,000 trees after 5,000,000 
generations, from which the burn-in was discarded. A maximum clade credibility tree and 
posterior probabilities were summarized based on 50,001 trees (Fig. 1).  
Seven SBFS species including Pseudocercospora spp. LLS1 and LLS2, 
Ramularia sp. P5, Zasmidium mali, Ramichloridium sp. FG9, Ramichloridium sp. FG10 
and Colletogloeopsis-like sp. FG2.1 grouped with plant parasitic species including 
Septoria spp., Cercospora spp., Pseudocercospora fori, Ramularia spp., Ramichloridium 
spp., Mycosphaerella spp. and Zasmidium spp. in the family Mycosphaerellaceae in a 
strongly supported (PP = 1) clade. Family Mycosphaerellaceae comprises many plant 
parasitic species, and the relationship of SBFS species with plant parasitic fungi was 
clearly shown (Fig. 1). Three SBFS species, Uwebraunia commune, Dissoconium 
aciculare, and Pseudoveronaea ellipsoidea, clustered with a high posterior probability 
support (PP = 1) with two plant parasitic species, Dissoconium commune and 
Dissoconium aciculare, in a clade representing Dissoconiaceae. In contrast, 
Micropeltidaceae was comprised of only SBFS species in a strongly supported (PP = 1) 
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clade including Houjia pomigena, Houjia yanglingensis, Phaeothecoidiella 
missouriensis, Phaeothecoidiella illinoisensis, Stomiopeltis-like sp. RS5.2 and Sterile 
mycelia sp. RS4.1. In addition, three SBFS species, Schizothyrium pomi, Zygophiala 
cryptogama, and Zygophiala wisconsinensis, were shown to be highly monophyletic in a 
clade representing Schizothyriaceae with strong support (PP = 1). Three SBFS species, 
Microcyclospora sp. FG1.9, Microcyclospora malicola and Microcyclospora pomicola, 
grouped with the plant parasitic species Teratosphaeria nubilosa in family 
Teratosphaeriaceae with 0.94 posterior probability. Three species formed a clade with 
moderate posterior probability support (PP = 0.94) representing Capnodiaceae. Three 
plant parasitic species formed a well-supported clade (PP = 0.99) representing the 
Davidiellaceae. One SBFS species, Peltaster fructicola, was found to be basal to other 
families within the Capnodiales but this genus is not placed at the familial rank. Five 
SBFS species appear to be distantly related to Capnodiales. Three SBFS species, 
Scleroramularia abundans, Scleroramularia pomigena and Geastrumia polystigmatis, 
were placed in subclass Pleosporomycetidae incertae sedis with a high posterior 
probability (PP = 1). Two SBFS species, Leptodontium elatius and Phialophora sessilis, 
clustered in Chaethotyriales in a well-supported clade (PP = 1).  
RPB2 phylogeny 
The aligned sequence obtained for the RPB2 regions had a total length of 1,280 
nucleotide characters. The dataset used in the Bayesian analysis comprised 62 taxa 
including the outgroup taxon. The Bayesian analysis resulted in 10,000 trees after 
5,000,000 generations, from which the burn-in was discarded and a maximum clade 
credibility tree and posterior probabilities were summarized based on 50,001 trees (Fig. 
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2).  
Based on the RPB2 analysis, placement of major SBFS lineages within the order 
Capnodiales can be asserted with high confidence (PP = 1) (Fig. 2).  In the RPB2 
phylogeny, some families and genera in Capnodiales include a mixture of SBFS fungi 
and other plant-parasitic species, whereas two families are composed exclusively of 
SBFS fungi. Many orders, families and genera are well-supported using the RPB2 
dataset, except the family Mycosphaerellaceae which had some topology conflict with the 
LSU tree topology. In particular, conflict was noted for family Mycosphaerellaceae, 
which formed a monophyletic clade with high posterior probability for the LSU gene but 
was polyphyletic with high posterior probability from the RPB2 gene. In family 
Dissoconiaceae, three SBFS species, Dissoconium aciculare, Dissoconium commune and 
Pseudoveronaea ellipsoidea, grouped with two plant parasitic species with significant 
support of 1.0 Bayesian posterior probability. In contrast, two families, Schizothyriaceae 
and Micropeltidaceae, were comprised exclusively of SBFS species within well-
supported monophyletic clades (PP =1). SBFS fungi in the genus Microcyclospora 
showed a close relationship to the plant parasitic species Teratosphaeria nubilosa in 
Teratosphaeriaceae with significant support for the family clade (PP = 1). Two families, 
Capnodiaceae and Davidiellaceae, had moderate and significant support of posterior 
probability clades (PP = 0.92 and PP = 1, respectively).  
The two orders outside the Capnodiales, Dothideales (PP = 1) and Myriangiales 
(PP = 1), also formed clades of significant support. Furthermore, Pleosporales, sister 
order to the Capnodiales, formed a clade of significant support (PP = 1). Based on RPB2 
data, five SBFS species fell outside the Capnodiales. Geastrumia polystigmatis formed a 
  
74 
separate lineage in the Pleosporomycetidae. Scleroramularia pomigena and 
Scleroramularia abundans grouped together with high support (PP = 1), within the 
Pleosporomycetidae. Leptodontium elatius and Phialophora sessilis resided in the 
Chaetothyriales clade with high support (PP = 1). However, the relationship of these 
SBFS species with their closest relatives remains unclear. Therefore, the distinction of 
their ecological niche with that of their closest relatives could not be determined.  
Bayesian ancestral state reconstruction 
Ancestral state reconstruction was carried out separately for the LSU and RPB2 
gene datasets. For the LSU phylogeny, sixteen nodes were reconstructed with significant 
support (PP MCMC = 1.0) for plant parasitic lifestyle in the BayesTraits analysis (Table 2, 
Figure 1). Eight nodes were reconstructed with low to moderate support (PPs MCMC 
ranging from 0.76 to 0.94) for plant parasitic lifestyle. In contrast, nodes 16 
(Schizothyriaceae) and 17 (Micropeltidaceae) were reconstructed with significant support 
(PP MCMC = 1.0) for SBFS epiphytic lifestyle. Node 3 (Dothideomycetidae) was 
reconstructed with significant support (PP MCMC = 1.0) for plant parasitic state. Outside 
Capnodiales, node 4 (Myriangiales) was reconstructed with moderate support (PP MCMC = 
0.93), whereas node 6 (Dothideales) was reconstructed with significant support (PP MCMC 
= 1.0) for plant parasitic state. In addition, Bayes Factor of the likelihood at node 7 
(Capnodiales) indicated very strong support for the plant parasitic state.  
For the RPB2 phylogeny, sixteen nodes were reconstructed with significant 
support (PP MCMC = 0.95 to 1.0) for the plant-parasitic state. Two nodes, 14 
(Schizothyriaceae) and 22 (Micropeltidaceae), were reconstructed with significant 
support (PP MCMC =1.0) as the SBFS epiphytic state (Table 3, Figure 2). Node 3 
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(Dothideomycetidae) was reconstructed with significant support (PP MCMC =1.0) for plant 
parasitic state. Two nodes outside Capnodiales, 6 (Myriangiales) and 7 (Dothideales), 
were reconstructed with significant support (PP MCMC = 1.0) for plant parasitic state. The 
result of Bayes Factor indicated very strong support for the plant parasitic state at 
Capnodiales node (LSU, node 7, PP MCMC=1.00; RPB2, node 7, PP MCMC=1.00).  
DISCUSSION 
This study provides the first evidence that the ancestor of the Capnodiales was 
reconstructed as a plant parasitic lifestyle. Phylogenetic studies based on DNA sequence 
data from LSU rDNA and RPB2 gene showed that several SBFS lineages within some 
families in the Capnodiales were descendants of plant parasitic species. For example, 
within Mycosphaerellaceae, SBFS fungi in the genus Ramichloridium shared a close 
evolutionary history to the plant pathogens Ramichloridium cerophilum and 
Ramichloridium biverticillatum, which are the causal agents of tropical speckle disease of 
banana (Arzanlou et al. 2007). In the family Dissoconiaceae, three SBFS species, 
Dissoconium commune, Dissoconium aciculare and Pseudoveronaea ellipsoidea have 
LSU rDNA and RPB2 sequences nearly identical to Dissconium species that cause leaf 
spots of Eucalyptus (Crous et al. 2004; Crous et al. 2007). As another example, SBFS 
fungi in the genus Microcyclospora reside with the species Teratosphaeria nubilosa in 
the family Teratosphaericeae; T. nubilosa is a well-known plant pathogen that causes 
necrotic lesions and blight on Eucalyptus leaves (Hunter et al. 2011). Reconstructing the 
evolutionary relationships between our fungal groups of interest helped to estimate the 
characteristics of SBFS ancestors, and our study adds the first insights into the nature of 
SBFS evolution.  
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Ancestral state reconstruction (ASR) of the ecological characters showed 
significant support for the plant parasitic niche as ancestral to the basal node of 
Capnodiales. ASR results of both LSU and RPB2 datasets suggest that the ancestor of the 
Capnodiales nodes was a plant parasite, but the ancestor of two families within 
Capnodiales was SBFS-epiphytic in lifestyle in derived or more recent SBFS lineages. 
The known family Schizothyriaceae form unique, flyspeck type colonies on fruit and 
stems and this character may be an important adaptation for an epiphytic lifestyle on 
living plant tissue. The Micropeltidaceae also appear to be a monophyletic group of 
epiphytes. Although not included in our study, Gregory et al. (2007) identified numerous 
Micropeltis spp. as epifoliar (but not causing necrosis) on living leaves of woody tropical 
plants. Thus, formation of colonies on plant surfaces without causing necrosis also may 
be apomorphic for the Micropeltidaceae. Regardless of the proportion of transitions in 
plant parasitic lifestyle among lineages, we can assume that the dominant direction of 
transitions within these lineages has been from plant parasitic to SBFS epiphytic lifestyle.  
Ancestral state reconstruction has been used to delineate the evolution of 
ecological niches in fungi (Hibbett et al. 2000, Lutzoni et al. 2001). Lutzoni et al. (2001) 
reconstructed evolution of the Ascomycota, which provided evidence that lichen 
symbiosis has evolved multiple times in fungi. Recently, Gueidan et al. (2008) provided 
evidence that rock-inhabiting fungi are ancestors to lichen-forming fungi in Verruciales 
and human-pathogenic species in Chaetothyriales.  Many well-known genera of plant 
pathogens, as well as SBFS epiphytic and saprophytic species, belong to the order 
Capnodiales (Crous et al. 2009).  In the present study, our taxon sampling included only 
well-characterized fungal genera; therefore, this order was an excellent model to study 
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the evolution of ecological traits on a manageable scale. This present study adds new 
information on evolutionary trends in Capnodiales. 
 During the early evolution of fungi, major transitions in ecological niches 
gave rise to diverse and evolutionarily successful groups (James et al. 2006).  It is 
reasonable to speculate that some ancestral lineages of SBFS fungi, especially 
Schizothyriaceae and Micropeltidaceae have found evolutionary benefit by occupying the 
plant surface niche. We hypothesize that several key factors could lead from a parasitic 
ancestor causing necrosis to epiphytic parasitism without necrosis. For example, families 
Schizothyriceae and Micropeltidaceae were the only ones whose nodes showed 
significant support of the SBFS epiphytic state based on ASR results. Within the family 
Schizothyriaceae, Schizothyrium pomi and Zygophiala anamorphs might have undergone 
special adaptations such as formation of the flyspeck mycelial type on the surface of fruit 
and Rubus allegheniensis canes (Gleason et al. 2011). The flyspeck mycelial type 
consists of clusters of tiny, rounded, black sclerotium-like bodies without an intercalary 
mycelial mat (Batzer et al. 2008). Sutton et al. (1988) reported that Schizothyrium pomi 
grew on 38 wild plant species near apple orchards in North Carolina. Based on surveys 
throughout the eastern U.S., Díaz Arias et al. (2010) also reported that Schizothyrium 
pomi was a highly cosmopolitan species, as it was detected in 38 of 39 apple orchards.  
 SBFS fungi show wax-degrading activity, which enables them to dissolve and 
embed in the epicuticular wax layer of apple fruit without penetrating the cuticle. Since 
SBFS fungi do not invade the living tissue below, the infection is only superficial and 
cosmetic. This behavior of sinking into the surface medium can also be observed in SBFS 
cultures grown on agar plates (Batzer et al. 2005). Belding et al. (2000) reported that, 
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based on electron micrographs of flyspeck, Z. jamaicensis appeared to metabolize 
epicuticular wax on apple fruit. In the evolutionary transition from plant parasitism to 
SBFS epiphytism, some SBFS fungi may have lost or deactivated genes encoding plant 
cell wall-degrading enzymes and thereby lost the ability to penetrate plant cell walls. By 
avoiding primary contact with the plant‟s defense response, SBFS fungi could potentially 
lower their energy requirements and redirect some of these savings into adaptations to an 
epiphytic niche, such as melanization and development of sclerotium-like structures to 
provide shelter from environmental extremes, including periods of low moisture and high 
UV radiation. In contrast, many plant pathogenic species secrete protein effectors that 
cause disease by altering host cells and plant immunity (Stergiopoulos & de Wit 2009) 
and also some necrotrophs have acquired a gene-for-gene relationship to interact with the 
host to cause disease (Oliver & Solomon 2010). In any case, it is evident that switching 
lifestyle from plant parasitism to SBFS epiphytism would require substantial shifts in 
physiology and morphology.  
               The molecular basis of the SBFS epiphytic lifestyle remains unknown. In the 
future, it will be valuable to use functional genomics approaches to understand how 
SBFS-epiphytic fungi form tightly adhering colonies and meet the other challenges of life 
on plant surfaces. Comparative genomic studies of SBFS fungi and the plant parasitic 
species in the Mycosphaerella clade can be a potential model system for future study of 
important biological, ecological and evolutionary questions surrounding adaptation to 
extreme environments.  
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Table 1. Fungal isolates used in this study. Newly generated sequences are denoted 
with *.  
Species
a
 
Culture accession 
number 
GenBank accession 
numbers 
  CBS/CPC
b
  GPC
c 
 LSU
d
 RPB2
e
 
Capnodium coffeae CBS 147.52 
 
DQ247800 to submit 
Capnodium salicinum CBS 131.34 
 
 DQ678050  to submit 
Cercospora apii CBS 118712 
 
 GQ852583 to submit 
Cercospora beticola CBS 116456 
 
DQ678091 to submit 
Cladosporium cladosporioides CBS 170.54 
 
DQ678057 DQ677952 
Colletogloeopsis-like sp. FG2.1  CBS 125300 NY1-3.2F1c  FJ031986 to submit 
Davidiella macrospora CBS 138.40 
 
 DQ008148 to submit 
Delphinella strobiligena CBS 735.71 
 
DQ470977 DQ677951 
Devriesia strelitziae CBS 122379 
 
EU436763 to submit 
Dissoconium aciculare  CBS 132082  MSTB4b JQ622089 to submit 
Dissoconium aciculare  CBS 201.89 
 
GU214418 to submit 
Dissoconium commune CBS 110747 
 
AY598912 to submit 
Dothidea insculpta CBS 189.58 
 
DQ247802  DQ247792 
Dothidea sambuci  CBS 198.58 
 
AF382387 to submit 
Elsinoe phaseoli  CBS 165.31 
 
DQ678095 to submit 
Geastrumia polystigmatis NA
f
 NC41.8F1a  KF896877* to submit 
Graphiopsis chlorocephala  CBS 100405 
 
EU009456 to submit 
Hortaea acidophila CBS 113389 
 
GU323202  to submit 
Houjia pomigena CBS 125224 UIF2b AY598925 to submit 
Houjia yanglingensis CBS 125227 TN12.2F1d FJ147166 to submit 
Leptodontium elatius NA Le1021c3F5  KF896879* to submit 
Lophiostoma crenatum  CBS 629.86 
 
DQ678069 to submit 
Microcyclospora sp. FG1.9  CBS 125308 MA2-3.5F1c  FJ147169 to submit 
Microcyclospora malicola  CPC 16172 GR-61fb  KF896879* to submit 
Microcyclospora pomicola  CPC 16173 SP1-49Fa GU570551 to submit 
Mycosphaerella graminicola CBS 292.38 
 
DQ678084  to submit 
Teratosphaeria nubilosa CBS 116005 
 
DQ246228 to submit 
Mycosphaerella punctiformis  CBS 113265 
 
DQ470968 DQ470920 
Myriangium duriaei CBS 260.36 
 
DQ678059 to submit 
Peltaster fructicola CBS 125304  KY1-12.2E2b AY598928  to submit 
Phaeothecoidiella illinoisensis NA TN12.4E1d  GU117902 to submit 
Phaeothecoidiella missouriensis CBS 118959  AHE7c AY598917 to submit 
Phialophora sessilis NA SP12386Ca  KF896880* to submit 
Pleomassaria siparia CBS 279.74 
 
DQ678078   to submit 
 
         
  
84 
Table 1 (Continued) 
Species
a
 
Culture accession 
numbers 
GenBank accession 
numbers 
  CBS/CPC
b
 GPC
c
 LSU
d
 RPB2
e
 
Pleospora ambigua CBS 366.52 
 
AY787937 to submit 
Pseudcercospora sp. LLS2 NA KY3 22D1b KF896881* to submit 
Pseudocercospora fori  CBS 113285 
 
DQ204748 to submit 
Pseudocercospora sp. LLS1  NA NC137A1a KF896882* to submit 
Pseudoveronaea ellipsoidea  CBS 125648 MI3- 34F1a FJ147154 to submit 
Ramichloridium biverticillatum CBS 190.63 
 
EU041857  to submit 
Ramichloridium cerophilum  CBS 103.59 
 
EU041855 to submit 
Ramichloridium sp. FG10  CBS 125310 TN1 -1.3F1a FJ1031993 to submit 
Ramichloridium sp. FG9 NA NC121E2b  FJ031992 to submit 
Ramularia miae  CBS 120121 
 
DQ885902 to submit 
Ramularia pratensis var. 
pratensis 
CPC 11294 
 
EU019284 to submit 
Ramularia sp. P5  CBS 119227 UME2a AY598910 to submit 
Schizothyrium pomi  CBS 125312 VA1-7A1d FJ147155 to submit 
Scleroramularia abundans CBS 128078 T129A1c FR716667 to submit 
Scleroramularia pomigena CBS 128072 MA53.5Cs3a FR716673 to submit 
Scorias spongiosa CBS 325.33 
 
GU214696 to submit 
Septoria apiicola CBS 400.54 
 
GQ852674 to submit 
Septoria protearum CBS 778.97 
 
GU214494 to submit 
Sterile mycelia sp. RS4.1  CBS 125314 TN1- 6.3E2a FJ147162 to submit 
Stomiopeltis-like sp. RS5.2  CBS 125317 NC1- 18C1d FJ147164 to submit 
Uwebraunia commune CBS 132091 NC132C1d JQ622093 to submit 
Zasmidium anthuriicola CBS 118742 
 
GQ852732 to submit 
Zasmidium cellare  CBS 892.85 
 
EU041878 to submit 
Zasmidium angulare  CBS 132094 GA2-27B1a JQ622096 to submit 
Zygophiala cryptogama  CBS 125658  OH4 -1A1a FJ147157 to submit 
Zygophiala wisconsinensis CBS 125659  OH4- 9A1c FJ147158 to submit 
          
a
SBFS fungi and non-SBFS fungi used in the taxon sampling. 
b
Accession numbers of strains deposited at the Centraalbureau voor   
Schimmelcultures (CBS), Crous Personal Collection (CPC) Utrecht, the 
Netherlands.  
c
SBFS taxa from Mark Gleason's personal collection (GPC) at Iowa State 
University.
 
d
GenBank accession numbers for a partial of the 28S large subunit (LSU) of the 
rDNA sequence.  
e
GenBank accession numbers for a partial of the RPB2 gene.  
f
Not available.  
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Table 2. Support values for nodes of the 28S LSU-rDNA phylogeny for the 
ancestral state reconstruction of fungal ecological niche. The state plant parasitic 
was coded as 0, the state SBFS epiphytic was coded as 1, and the state 
saprophytic was coded as 2. For the Bayesian reconstruction analysis (MCMC), 
the posterior probabilities (PP) of each state are shown as P(0), P(1) and P(2). The 
nodes listed here refer to the nodes shown in Figure. 1.  
    
Ancestral state reconstruction of ecological 
niche 
(0=plant parasitic, 1=epiphytic, 2=saprophytic 
  
MCMC 
Nodes 
Corresponding 
taxonomical groups 
P(0) P(1) P(2) 
1 Dothideomycetes 1.00 0.00 0.00 
2 Pleosporales 0.85 0.13 0.02 
3 Dothideomycetidae 1.00 0.00 0.00 
4 Dothideales 0.93 0.00 0.07 
5 - 1.00 0.00 0.00 
6 Myriangiales 1.00 0.00 0.00 
7 Capnodiales 1.00 0.00 0.00 
8 - 1.00 0.00 0.00 
9 - 1.00 0.00 0.00 
10 Capnodiaceae 1.00 0.00 0.00 
11 Davidiellaceae 1.00 0.00 0.00 
12 Teratosphaeriaceae 1.00 0.00 0.00 
13 - 0.91 0.09 0.00 
14 - 0.87 0.13 0.00 
15 - 0.75 0.25 0.00 
16 Schizothyriaceae 0.00 1.00 0.00 
17 Micropeltidaceae 0.00 1.00 0.00 
18 Dissoconiaceae 0.79 0.21 0.00 
19 Mycosphaerellaceae 0.93 0.07 0.00 
20 - 1.00 0.00 0.00 
21 - 1.00 0.00 0.00 
22 - 1.00 0.00 0.00 
23 - 0.89 0.11 0.00 
24 - 1.00 0.00 0.00 
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Table 3. Support values for nodes of the RPB2 phylogeny for the ancestral state 
reconstruction of the fungal ecological niche. The state plant parasitic was coded as 
0, the state SBFS epiphytic was coded as 1, and the state saprophytic was coded as 
2. For Bayesian reconstruction analysis (MCMC), the posterior probability (PP) of 
each state is shown as P(0), P(1) and P(2). The nodes listed here refer to the nodes 
shown in Figure. 2.  
  
Ancestral state reconstruction of ecological 
niche 
  
(0=plant parasitic, 1=epiphytic, 2=saprophytic) 
  
MCMC 
Nodes 
Corresponding 
taxonomical groups 
P(0) P(1) P(2) 
1 - 1.00 0.00 0.00 
2 Pleosporales 1.00 0.00 0.00 
3 Dothideomycetidae 1.00 0.00 0.00 
4 - 1.00 0.00 0.00 
5 Dothideales 0.97 0.00 0.03 
6 Myriangiales 1.00 0.00 0.00 
7 Capnodiales 1.00 0.00 0.00 
8 Davidiellaceae 1.00 0.00 0.00 
9 - 1.00 0.00 0.00 
10 Teratosphaeriaceae 0.92 0.08 0.00 
11 Capnodiaceae 0.97 0.00 0.03 
12 - 1.00 0.00 0.00 
13 - 1.00 0.00 0.00 
14 Schizothyriaceae 0.00 1.00 0.00 
15 Mycosphaerellaceae 1.00 0.00 0.00 
16 - 0.50 0.50 0.00 
17 - 0.90 0.10 0.00 
18 Mycosphaerellaceae 1.00 0.00 0.00 
19 - 1.00 0.00 0.00 
20 - 1.00 0.00 0.00 
21 - 0.85 0.15 0.00 
22 Micropeltidaceae 0.00 1.00 0.00 
23 Dissoconiaceae 0.95 0.05 0.00 
24 - 0.92 0.08 0.00 
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CHAPTER 4. GENERAL CONCLUSIONS 
 
 
The sooty blotch and flyspeck (SBFS) fungal complex causes an economically 
important disease that infects apple and other fruits crops worldwide. Although SBFS 
damage is cosmetic, colonies on apple fruit prevent apple growers from selling them as 
fresh fruit, resulting in economic losses up to 90%. Many questions about the ecology 
and environmental biology of these epiphytic fungi need to be investigated before better 
disease management strategies can be developed. The objectives of the research 
presented in this dissertation were to 1) determine whether there are species-specific 
patterns in the timing of SBFS infection on apple fruit during the growing season and 2) 
reconstruct the evolutionary history of SBFS fungi.  
My research has provided new evidence about the timing of infection for the most 
prevalent taxa of the SBFS complex in Iowa apple orchards. Most SBFS infections 
occurred early fruit development period, and time to 50% of the total number of colonies 
per apple differed significantly between two species. The study has significant 
implications for disease management because it emphasizes that apple growers should 
protect apple fruit beginning as soon as possible after fruit set.  
 Before my studies, there was no information about the evolutionary history of 
SBFS epiphytic fungi. Previous publications by our research group revealed that some 
SBFS fungi are evolutionarily related to plant parasitic species that cause disease by 
killing the host cells. In my work, ancestral state reconstruction from LSU and RPB2 
genes showed that the ancestor of this order was a plant parasite. The majority of SBFS 
epiphytic fungi, which are grouped within Capnodiales, probably derived from this 
ancestor. A shift from plant parasitic to epiphytic lifestyle occurred in derived clades of 
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Capnodiales. Our findings have enhanced understanding of the evolution of the SBFS 
epiphytic niche in the Capnodiales. Further work, for example functional genomic 
analysis, is needed to better understand the evolutionary forces behind the transition from 
plant parasitic to SBFS epiphytic niche. Knowledge of functional genetics would increase 
our understanding of how these species interact with their plant hosts.  
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APPENDIX 
 
 
Mean colonies per apple based on ten orchard-years (6 orchards in 2009 and 4 
orchards in 2010) detected per exposure period 
Species identified Exposure period 
  1 2 3 4 5 6 7 
Schizothyrium pomi  0.289 0.727 1.069 1.449 0.873 0.244 0.128 
Microcyclosporella spp. RH 0.747 0.802 0.431 0.195 0.279 0.277 0.188 
Stomiopeltis sp. RS1 0.358 0.294 0.165 0.100 0.090 0.076 0.063 
Stomiopeltis sp. RS2 0.485 0.092 0.207 0.159 0.069 0.180 0.310 
Dissoconium aciculare 0.176 0.339 0.078 0.000 0.044 0.027 0.050 
Colletogloeopsis-like sp. FG2 0.214 0.265 0.121 0.198 0.142 0.071 0.029 
Peltaster sp. P2 0.128 0.231 0.086 0.148 0.132 0.107 0.033 
Peltaster fructicola 0.063 0.039 0.000 0.042 0.015 0.143 0.021 
        
